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Abstract

Alders are nitrogen (N)-fixing riparian trees that promote leaf litter decomposition in streams through their high-nutrient
leaf litter inputs. While alders are widespread across Europe, their populations are at risk due to infection by the oomy-
cete Phytophthora Xalni, which causes alder dieback. Moreover, alder death opens a space for the establishment of an
aggressive N-fixing invasive species, the black locust (Robinia pseudoacacia). Shifts from riparian vegetation containing
healthy to infected alder and, eventually, alder loss and replacement with black locust may alter the key process of leaf litter
decomposition and associated microbial decomposer assemblages. We examined this question in a microcosm experiment
comparing three types of leaf litter mixtures: one representing an original riparian forest composed of healthy alder (Alnus
lusitanica), ash (Fraxinus angustifolia), and poplar (Populus nigra); one with the same species composition where alder had
been infected by P. Xalni; and one where alder had been replaced with black locust. The experiment lasted six weeks, and
every two weeks, microbially driven decomposition, fungal biomass, reproduction, and assemblage structure were measured.
Decomposition was highest in mixtures with infected alder and lowest in mixtures with black locust, reflecting differences
in leaf nutrient concentrations. Mixtures with alder showed distinct fungal assemblages and higher sporulation rates than
mixtures with black locust. Our results indicate that alder loss and its replacement with black locust may alter key stream
ecosystem processes and assemblages, with important changes already occurring during alder infection. This highlights the
importance of maintaining heathy riparian forests to preserve proper stream ecosystem functioning.
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Introduction

The functioning of stream ecosystems can be highly influ-
enced by changes in the riparian forest [1, 2]. This applies
especially to headwater streams, where the major basal
resource is the allochthonous organic material provided
by the riparian vegetation [3], mainly in the form of leaf
litter [4—6]. Given that different tree species produce
leaf litter with different traits [7-9], species composition
of the riparian forest can determine how this leaf litter
is processed in the stream and therefore partially regu-
late its decomposition rates, the transfer of energy and
nutrients between ecosystem compartments [10], and the
characteristics of stream assemblages involved in these
processes [11-13]. In consequence, changes in riparian
species composition, which can occur through species loss
(e.g., caused by pathogenic diseases or the long term result
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of biological invasions [4, 14]), species gain or species
replacement (e.g., at initial stages of biological invasions
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[15]), are expected to be highly relevant to predict changes
in stream ecosystem functioning.

Alders (Alnus spp.) are key riparian trees across Europe
and often the only nitrogen (N)-fixing native tree species
present [16]. Their leaves are soft and high in N concentra-
tion [16], which makes them highly attractive to microbial
decomposers and detritivores, hence allowing rapid leaf
decomposition in streams [17]. However, alders are suffer-
ing widespread mortality due to the Alnus-specific oomy-
cete species complex Phytophthora alni [18-21]. In Spain
and Portugal, alder mortality has been observed since the
mid-2000s and P. Xalni (Brasier & S.A. Kirk) Husson, Ioos
and Margais was first isolated in 2009 and 2010, respec-
tively [22, 23]. In the northern regions, disease severity has
been high, leading to the disappearance of most of the trees
in Asturias and northern Galicia. At the southern limit of
P. xalni distribution, occurring in Jerte river (Plasencia,
Spain) [24] and Ceira river (Arouce, Portugal) [25], dis-
ease severity is lower than in the north. Tree infection is
produced by zoospores in the roots or in the trunk during
floods, leading to root rot, collar rot, small-size, sparse and
often chlorotic foliage, crown dieback, and tree mortality.
Mortality rates reach almost 100%, with young trees usu-
ally dying in few months and old trees dying in years while
losing vitality progressively [18, 19]. Leaf litter of Alnus
lusitanica Vit, Douda and Mandak infected trees has higher
nutrient concentration than that from healthy trees due to
reduced nutrient resorption before senescence, leading to
fast decomposition of leaf litter [24].

When key tree species disappear from forests, exotic spe-
cies can readily occupy their niche [26]. Riparian forests are
particularly prone to invasions because streams act as corri-
dors favoring propagule transport, cause natural disturbances
(i.e., floods) that open canopy gaps, and alter micro-climatic
conditions thus favoring plant establishment [27-29]. Occur-
rence of invasion is higher in riparian areas affected by
human activities (e.g., forestry, agriculture or urbanization),
where propagule pressure is higher and the colonization of
shade sensitive invasive species is favored by large forest
gaps [15, 30]. A likely species to replace alder after its dis-
appearance is the black locust (Robinia pseudoacacia L.),
an N-fixing tree species native to North America that has
become a major invasive species in European riparian forests
due to its fast growth, high resistance to disturbance, and
low nutrient requirements [26, 31, 32]. Despite the high N
concentration of black locust leaf litter, it decomposes more
slowly than leaf litter of many native tree species (e.g., Salix
atrocinerea Brot., Fraxinus angustifolia Vahl. or Populus
alba L.), possibly because its high concentration of second-
ary compounds and lignin negatively affects microbial colo-
nization and macroinvertebrate assemblages [33-35].

We explored whether alder infection by P. Xalni and
subsequent alder replacement by black locust affects stream
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ecosystem functioning. Microbially-driven leaf litter
decomposition and the characteristics of associated fungal
assemblages were assessed. With this aim, we conducted a
microcosm experiment using leaf litter and simulated the
following scenarios: (1) a native riparian forest contain-
ing ash (F. angustifolia), poplar (Populus nigra L.), and
healthy alder (A. lusitanica, previously Alnus glutinosa (L.)
Gaertn.); (2) the same forest but with alder infected by P.
Xalni, representing an early stage of an epidemic; and (3) the
same forest but with alder replaced by black locust, repre-
senting a post-epidemic stage. To explore differences among
native ash, native poplar, healthy and infected native alder,
and invasive black locust, and facilitate the understanding
of interactions in leaf mixtures, including diversity effects
on decomposition and fungal biomass, monocultures of all
leaf litter types were also assessed. Based on the main traits
of different leaf litter types, we hypothesized the following:

(i) Scenario 2, with infected alder, would show higher
leaf litter decomposition rate, fungal biomass, and
fungal sporulation rate than scenario 1, with healthy
alder, since leaf litter of infected alder is richer in
nutrients and more labile [24], thus possibly enhanc-
ing decomposition and fungal activity in mixtures
[12].

(ii) Scenario 3, with black locust, would show lower
leaf litter decomposition rate, fungal biomass, and
fungal sporulation rate than scenarios 1 and 2 (with
healthy and infected alder, respectively), because of
the higher lignin and polyphenol concentration in
black locust leaf litter, which potentially slows down
decomposition and fungal activity in mixtures [12],
despite both black locust and alder having high con-
centration of nutrients [33, 34].

(iii)) Fungal assemblages would be altered in scenarios 2
and 3 compared with scenario 1, due to strong sub-
strate preferences of fungal microorganisms [11],
the change being higher under scenario 3 than under
scenario 2 because fungi would be more affected by
species composition change [12] than by alder infec-
tion [24].

Materials and Methods
Leaf Litter Collection

The four plant species used in the experiment (ash,
poplar, alder, and black locust) are broadleaf decidu-
ous trees that range widely in leaf litter traits (Table 1).
Leaves of poplar, ash and black locust were collected
immediately after natural abscission from the floor in
the floodplain of the Mondego river (Coimbra, central



Dieback and Replacement of Riparian Trees May Impact Stream Ecosystem Functioning

Page3of 11 32

Table 1 Initial traits of the different leaf litter types used in the study (mean + s.e.; n = 3): carbon, nitrogen, phosphorus, polyphenol, and lignin

concentrations, elemental molar ratios, and leaf toughness

Leaf litter traits Fraxinus angustifolia Populus nigra

Alnus lusitanica healthy Alnus lusitanica infected Robinia pseudoacacia

Carbon (C; % DM)*#* 44.16 + 0.10° 42.00 + 0.20°
Nitrogen (N; % DM)*** 0,75 + 0.02¢ 0.87 = 0.02¢
Phosphorus (P; % 0.17 £ 0.01* 0.14 + 0.01°
DM)*#*
Polyphenol (% DM)** 9.62 + 0.28° 16.30 + 4.13%®
Lignin (% DM)##+* 17.99 + 0.35° 35.88 £ 0.11°
C:N##* 59.25 + 1.92¢ 48.52 + 1.30°
C:p 253.69 + 8.04° 304.56 + 14.39°
N:ps 429 +0.224 6.28 + 0.23°
Toughness (kPa)**#* 801 + 96%° 898 + 77*

47.62 + 0.09* 46.48 +0.19° 43.44 +0.214
3.80 + 0.73 2.52 +0.08* 1.33 £0.01°

0.06 + 0.00% 0.14 + 0.05%° 0.04 +0.01¢

8.50 + 0.83° 9.83 +0.33" 11.86 + 0.43*
37.06 + 1.99% 36.74 + 1.56% 34.06 +0.43°
13.69 + 3.00¢ 18.49 + 0.53¢ 32.70 + 0.26°
845.74 + 54.69° 42271 + 114.52% 1092.26 + 165.87*
65.85 + 9.35% 23.22 + 6.66° 33.38 + 5.00°

609 + 52° 551 + 1112 382 +9¢

For each trait, different letters indicate significant differences among leaf litter types, analyzed with linear models

*p < 0.05; **p < 0.01; ***p < 0.001

Portugal), at Choupalinho (40°12'4.7"N, 8°25'42.9"W, in
autumn 2020), Parque Verde (40°12'3.2"N, 8°25'29.7"W,
in autumn 2022), and Mata National do Choupal
(40°13'4.3"N, 8°26'28.4"W, in autumn 2022), respectively.
Senescent alder leaves were gently detached from healthy
trees (< 5% crown transparency estimated visually) and
trees infected by P. Xalni (= 60% crown transparency)
located in the floodplain of the Jerte river (Plasencia,
Spain; 40°1'51.2"N, 6°4'46.0"W, in autumn 2017) [24].
Isolations of P. Xalni from bark samples, including the
cambium [20], confirmed infection of the trees, whereas
no pathogen was isolated from bark samples of healthy
trees. Leaf litter was air-dried at room temperature in the
laboratory and stored in the dark until needed.

Leaf Litter Characterization

Initial characterization was performed using three repli-
cates per leaf litter type. Air-dried leaf litter was milled
into fine powder (< 0.5 mm; Retsch MM 400, Haan, Ger-
many), oven-dried at 60°C for 48 h, and used for chemical
determinations. Carbon (C) and N concentrations were
assessed by isotope ratio mass spectrophotometry (IRMS
Thermo Delta V advantage with a Flash EA-1112 series;
Thermo Fisher Scientific Inc., Waltham, USA). Phospho-
rous (P) concentration was assessed by the ascorbic acid
method after basic digestion with sodium persulfate and
sodium hydroxide [36]. Total polyphenol concentration
was obtained by the Folin-Ciocalteu method [36] and
lignin concentration by the Goering-van Soest method
[37]. Concentrations were expressed as % dry mass (DM).
Initial litter toughness (kPa) was estimated with a pene-
trometer (rod diameter 1.55 mm) after one hour of soaking
in distilled water [36].

Experimental Procedure

The experimental design included eight treatments: five
monocultures (ash, poplar, healthy and infected alder, and
black locust) and three mixtures, called scenarios, with three
species each: ash, poplar, and healthy alder (scenario 1);
ash, poplar, and infected alder (scenario 2); and ash, poplar,
and black locust (scenario 3). Each treatment included three
replicates collected at each of four sampling dates; thus, the
experiment comprised 96 microcosms in total. Before the
beginning of the experiment, leaf litter was moistened with
distilled water, and 6-mm diameter discs were cut avoiding
central veins (except for the narrow ash leaves, where discs
included the vein in the center). Discs were air-dried at room
temperature for 72 h and weighed (+ 0.1 mg) in groups of
12, either of the same species (monoculture) or 4 discs per
species (mixtures, with each species weighed individually).
Discs were then distributed in 100-mL Erlenmeyer flasks
(microcosms), which were assembled on an orbital shaker
(100 rpm; GFL 3017, ProfiLab24 GmbH, Berlin, Germany)
and kept under controlled conditions (21°C and 12 h light:12
h dark photoperiod).

For the first seven days, microcosms were supplied daily
with 40 mL of a microbial inoculum <24 h old, to allow for
leaching and microbial colonization of leaf litter discs. The
inoculum was prepared by incubating a diverse mixture of
leaf litter at different decomposition degrees in a glass jar
with 4 L of filtered (100 pm) stream water and aeration, kept
at 21°C, with water renewal every 24 h. The litter and water
were collected in October 2022 from Candal stream (Lousa
mountain, central Portugal; 40°4'44.7"N, 8°12'11.3"W), an
oligotrophic stream with riparian vegetation at the sampling
site dominated by European chestnut trees (Castanea sativa
Mill.), and from where the tree species used in this study
were absent [6]. A set of three microcosms per treatment
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(i.e., 24 microcosms) was sacrificed after the conditioning
period (day 0) and processed as the experimental micro-
cosms (see below), to obtain a correction factor to estimate
initial, post-leaching, litter DM.

At day 0, all other experimental microcosms were sup-
plied with 40 mL of filtered stream water (Candal stream),
which was renewed every 3.5 days. Three replicates of each
treatment were sacrificed at days 14, 28, and 42 to assess
remaining leaf litter mass, fungal biomass, and conidial pro-
duction. All litter discs were frozen at —20°C, lyophilized
overnight (Lablyo Mini, Frozen in Time, North Yorkshire,
UK), and weighed for determination of DM remaining, with
species in mixtures weighed individually.

Fungal Conidial Production

At each sampling date (days 14, 28, and 42), conidial sus-
pensions from the sacrificed microcosms (40 mL) were
poured into 50-mL centrifuge tubes, preserved with 2 mL of
37% formalin, adjusted to a volume of 45 mL with distilled
water, and stored in the dark until processed. Samples were
processed to determine sporulation rates and assemblage
structure of aquatic hyphomycetes, a polyphyletic group of
aquatic fungi assumed to be major microbial decomposers
[38, 39]. Each conidial suspension received 100 pL of 0.5
% Triton X-100 and was homogenized with a magnetic stir-
rer. Then, 10 mL was filtered through nitro-cellulose filters
(25-mm diameter, 5-pm pore size; Sartorius Stedim Bio-
tech GmbH, Goettingen, Germany), and filters were stained
with 0.05% cotton blue in 60% lactic acid. Conidia were
identified and counted with a microscope (Leica, DM 1000,
Wetzlar, Germany) at X200 magnification [36]. Sporulation
rates were expressed as number of conidia mg=' DM d~!,
and species richness was expressed as number of species
per sample.

Fungal Biomass

At days 14 and 42, four discs from each species per micro-
cosm (i.e., 4 discs in monocultures or the 4 discs of each
species in mixtures) were used to determine fungal biomass
from ergosterol concentration [36]. Discs were weighed to
determine DM and ergosterol was extracted in 10 mL of
alkaline methanol (8 g KOH/L) in a hot bath (80°C, 30 min),
purified by solid phase extraction (Waters Sep-Pak Vac RC,
500 mg, Tc18 cartridges; Waters Corp., Milford, MA, USA),
and quantified with high-performance liquid chromatogra-
phy (Dionex DX-120; Sunnyvale, CA, USA) by measuring
absorbance at 282 nm [36]. Ergosterol concentration was
converted into fungal biomass assuming 5.5 pg ergosterol
mg~! fungal DM [40], and results were expressed as mg
fungal DM.
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Data Analyses

The fraction of leaf litter DM remaining per species and
mixture was calculated by dividing DM remaining by initial
DM. Decomposition rates (k, day~') were calculated for each
species and mixture assuming an exponential decay model,
through linear regression of the In-transformed fraction of
DM remaining over time, considering the intercept fixed at
In(1)=0. Net diversity, complementarity, and selection effects
on decomposition were also calculated [41]; the net diversity
effect was the difference between observed and expected leaf
litter mass loss (LML, calculated as the difference between
initial DM and DM remaining divided by initial DM), with
expected fraction LML calculated as the mean of monoculture
values taking into account the proportion of each species in
the mixture; the complementarity effect was the average devi-
ation from the expected fraction LML in a mixture multiplied
by mean fraction LML in monocultures and the number of
species in the mixture; and the selection effect was the covari-
ance between fraction LML of species in monoculture and the
average deviation from expected fraction LML of species in
the mixture, multiplied by the number of species in the mix-
ture. Net diversity, complementarity, and selection effects on
fungal biomass was calculated in the same way using fungal
biomass of each species in monocultures and mixtures.
Initial leaf litter traits were compared among leaf litter
types (ash, poplar, healthy alder, infected alder, and black
locust) with linear models and ANOVA (gls function of the
“nlme” R package), with species as fixed factor. Effects of
leaf litter type (five types) and scenario (1, 2 or 3) on differ-
ent response variables were analyzed separately. To assess
leaf litter decomposition, we used analysis of covariance
(ANCOVA, aov function of the “stats” R package), with
fraction DM remaining as a dependent variable, treatment
(leaf litter type or scenario) as a categorical factor and time
as a covariate. To assess fungal biomass, sporulation rate
and species richness, and net, complementarity, and selec-
tion effects on decomposition and fungal biomass, we used
linear models and ANOVA, with treatment (leaf litter type
or scenario) and time as fixed factors. Significant differ-
ences between treatments (a = 0.05) were analyzed with
Tukey’s tests, or Fisher’s LSD tests when Tukey’s tests did
not identify differences among treatments [i..e., for species
richness and net complementarity and selection effects; ghlt
function of the “multcomp” R package; [42]]. Differences
in fungal assemblages among treatments and sampling dates
were explored with non-metric multidimensional scaling
(NMDS) based on the Bray-Curtis similarity index applied
to an abundance matrix (metaMDS function of the “vegan”
R package), followed by permutational multivariate analysis
of variance (PERMANOVA; adonis function of the “vegan”
R package). An indicator value index (multipatt function of
the “indicspecies” R package) was used to identify the most
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representative taxa of each assemblage. Normal distribution
of residuals was assessed by the Shapiro-Wilk test, and data
were log-transformed when non-normal distribution was
detected. All analyses were performed in R software [43].

Results
Leaf Litter Traits

Initial traits varied with the type of leaf litter (Table 1, Table
S1). Native species (ash, poplar, and healthy alder) showed
a gradient, with N and lignin concentrations and C:P and
N:P ratios being highest in healthy alder and lowest in ash,
while P concentration and C:N showed the opposite pattern;
C concentration was lowest in poplar and highest in healthy
alder. Healthy and infected alder differed in C concentration
and C:P and N:P ratios, which were higher in healthy alder.
Black locust had higher polyphenol concentration than the
other species except poplar; the lowest toughness, although
not significantly different from infected alder; and higher
lignin concentration than ash and lower than poplar. Black
locust had lower N concentration than alder, but higher than
ash and poplar; the lowest P concentration, but not signifi-
cantly different from healthy alder; and the second lowest C
concentration, after poplar (Table 1).

Leaf Litter Decomposition

Leaf litter types significantly differed in their decomposition
rates (p-value < 0.001; Table S2, Fig. 1A), with (i) native spe-
cies showing a gradient from lowest in ash to highest in alder;
(ii) infected alder tending to decompose faster than healthy
alder, with the difference being non-significant; (iii) and
black locust decomposing more slowly than alder (Fig. 1A).
Leaf litter decomposition varied with the scenario (p-value =
0.008), being significantly higher (56%) in scenario 2 than in
scenario 3, 23% higher in scenario 2 than in scenario 1, and

21% lower in scenario 3 than in scenario 1, although the last
two differences were non-significant (Table S2, Fig. 1B). All
scenarios had higher decomposition rates than expected from
monocultures (19-43%), with a positive net diversity effect in
all of them (Fig. 1B). The net diversity effect increased with
time (p-value = 0.001) and it was mainly driven by a posi-
tive complementarity effect, with a much lower and negative
selection effect (Table S3). Diversity effects changed with sce-
nario (net diversity effect, p-value = 0.014; complementarity
effect, p-value = 0.007; selection effect, p-value = 0.010),
with net diversity and complementarity effects being higher
in scenario 2 than in scenario 3 (Table S3, Figure S1).

Fungal Biomass

Fungal biomass was not significantly affected by leaf litter
type (p-value = 0.422), although it tended to be higher in
healthy alder and poplar at the later stages of the experiment
(Table S3, Fig 2A); and it did not vary among scenarios
(p-value = 0.384). However, fungal biomass decreased
with time in all scenarios (p-value = 0.050), with a sharper
decrease in scenarios 2 and 3 than in scenario 1 (Table S3,
Fig. 2B), although it increased or did not change with time
in monocultures. The net diversity effect on fungal biomass
was mainly driven by a complementarity effect, with no dif-
ferences among scenarios either for the net diversity effect
(p-value = 0.280) or the complementary effect (p-value
= 0.436), but a weak difference for the selection effect
(p-value = 0.014) (Table S3, Fig. S2). The net diversity
effect changed with time, from null or slightly positive at
the first sampling date (10-16% higher than expected; Fig.
S2A), to negative at the end of the experiment (Fig. S2D)
(p-value < 0.001; Table S3). Despite the non-significant dif-
ferences among scenarios at the end of the experiment, it
was 41% lower than expected in scenario 3 and 9% lower
than expected in scenario 1 (Fig. S2D). The net diversity
effect was driven by a complementarity effect, which pre-
sented the same pattern, shifting with time from slightly

Fig. 1 Decomposition rate = A = B ® Observed
(mean =+ s.e.; n =9) of leaf & 00301 a & 0.0304 O Expected
litter of five monocultures (A) z Z
and three mixtures (scenarios; % %
B). Different letters indicate C 0020 E 0.020
significant differences among o s o b g
leaf litter types or scenarios, ?, b.C é {,E, ai b
analyzed with Tukey’s tests 8 o010 od 8 o.0104 o o é
£ d * £ ©
S * 3
] ]
o 0 o 0
Fraxinus  Populus Alnus Alnus Robinia Scenario 1 Scenario 2 Scenario 3
angustifolia  nigra  lusitanica lusitanica pseudoacacia
\e healthy infected ~~‘ “4 “4
W< 0 i S
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positive (Fig. S2B) to negative values (Fig. S2E) (p-value
< 0.001; Table S3). The selection effect was also affected
by time (p-value = 0.032), remaining null in scenario 1 and
negative in scenarios 2 and 3 (Table S3, Fig. S2C, Fig. S2F).

Fungal Conidial Production and Assemblage
Structure

Sporulation rates varied with leaf litter type (p-value
< 0.001), time (p-value < 0.001), and their interaction
(p-value < 0.001) (Table S3); they were significantly higher
in infected alder than in ash, poplar, and black locust, and
lowest in ash (Fig. 3A). The scenarios also differed in sporu-
lation rates (p-value = 0.001; Table S3), being higher in
scenarios 1 and 2 than in scenario 3 (Fig. 3B). Species rich-
ness was affected by leaf litter type (p-value = 0.005), time
(p-value = 0.038), and their interaction (p-value = 0.008)
(Table S3), being lower at day 42 than at day 28. However,
differences among leaf litter types were obscured by the
interaction with time. Species richness was also affected by
the scenario (p-value = 0.017; Table S3), but post hoc tests
did not identify differences, only a trend of higher richness
in scenario 2 (11 species) compared to scenarios 1 and 3 (9
species in each) (Table 2).

500 \\4

=
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400 A
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Alnus

-O- lusitanica
infected

200

Sporulation rate
(conidia mg™' DM d )

100

Robinia
0 T . - pseudoacacia
14 28 42

Days

Sporulation rate

14 42
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Fungal assemblage structure varied depending on the
leaf litter type, time, and their interaction (p-values < 0.001;
Table S4). Each leaf litter type showed a different response
to time and assemblages in the third sampling date signifi-
cantly differed from those in the first and second dates; e.g.,
Triscelophorus acuminatus Nawawi increased (p-value <
0.010). Despite variations due to the interaction with time,
post hoc tests showed significant differences among all leaf
litter types, except between healthy and infected alder and
between healthy alder and poplar. Assemblages in poplar
and healthy and infected alder leaf litter were dominated
by Articulospora tetracladia Ingold (p-value < 0.001), fol-
lowed by Alatospora acuminata Ingold (p-value = 0.003),
and differed by the high relative contribution of Tetrachae-
tum elegans Ingold (p-value = 0.007) in poplar, the high
relative contribution of Lunulospora curvula Ingold (p-value
= 0.021) in healthy alder, and a high relative contribution of
T. acuminatus (p-value = 0.005) in infected alder. Infected
alder was also characterized by the occurrence of Flagel-
lospora curvula Ingold (p-value = 0.006) and Alatospora
pulchella Marvanova (p-value = 0.013), two to five times
more abundant than in the other leaf litter types (Table 2).
In black locust, T. acuminatus (p-value = 0.005) was also
dominant. Ash had lower total sporulation, included T. ele-
gans as the dominant species (p-value = 0.007), and showed

500

\r4
B Scenario 1 ‘Q‘::
T ]
S 0 - S io2 N
cenario 3
= T Qe
300
" ) \Z
oo -8 Scenario 3 5‘:
S ~
© 200 -
8
3
8 100 +

Days

Fig.3 Fungal sporulation rates (mean =+ s.e.; n = 3) associated with leaf litter of monocultures (A) and mixtures (scenarios; B) at days 14, 28, and 42
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Table 2 Specific fungal sporulation rates (mean across sampling
dates; n = 3) in leaf litter of five monocultures and three mixtures
(scenarios). Accumulated species richness is given at the bottom of
the table. Scenario 1: Fraxinus angustifolia + Populus nigra + Alnus

lusitanica healthy; scenario 2: Fraxinus angustifolia + Populus nigra
+ Alnus lusitanica infected; scenario 3: Fraxinus angustifolia + Pop-
ulus nigra + Robinia pseudoacacia

Fungal species Fraxinus ~ Populus nigra Alnus Alnus Robinia Scenario 1 Scenario 2 Scenario 3
angusti- lusitanica  lusitanica pseudoa-
folia healthy infected cacia
Alatospora acuminata Ingold 3.35 24.67 26.76 44.81 6.66 10.08 13.77 5.98
Alatospora pulchella Marvanova 0.25 1.27 0.28 0.28
Anguillospora filiformis Greath. 10.96 3.89 2.90 3.61 0.69 4.54 9.14 4.11
Articulospora tetracladia Ingold 25.77 149.64 141.99 121.37 47.12 147.36 125.31 67.70
Flagellospora curvula Ingold 0.62 0.84 1.39 5.28 2.08 2.52 3.49 0.55
Hydrocina chaetocladia Scheuer 0.12 0.91 0.30 0.59 0.21 2.40 3.20 0.32
Lunuslospora curvula Ingold 0.20 6.11 5.20 2.71 0.40 13.78 28.27 4.94
Neonectria lugdunensis (Sacc. & 0.03 0.31
Therry) L. Lombard & Crous
Stenocladiella neglecta (Marvanova 0.11 0.22 0.73 1.26 0.95 0.10
& Descals) Marvanova & Descals
Taeniospora gracilis Marvanova 0.10 0.48 0.07
Tetrachaetum elegans Ingold 49.92 31.85 16.80 7.05 6.11 23.16 47.57 24.85
Triscelophorus acuminatus Nawawi 11.13 9.60 22.93 92.60 84.36 45.49 66.34 20.29
Accumulated species richness 10 9 10 11 10 9 11 9

high abundance of Anguillospora filiformis Greath (p-value
< 0.001) and A. fetracladia (Fig. 4A, Table 2).
Assemblage structure also varied with scenario,
time, and their interaction (p-values < 0.002; Table S4).
Assemblages in the last sampling date differed signifi-
cantly from those in the first and second dates and were
characterized by a higher proportion of T. acuminatus

(p-value < 0.001). Assemblages in scenarios 1 and 2 dif-
fered from those in scenario 3 (Table S4), because total
sporulation was higher and A. tetracladia, the dominant
species, also presented a higher sporulation in scenarios
1 and 2 (p-value = 0.046), with A. filiformis showing
a higher relative contribution in scenario 3 (p-value =
0.046) (Fig. 4B, Table 2).

300+ A

200+

Sporulation rate (conidia mg™ DM d )

. I I I

u Alatospora acuminata

= Anguillospora filiformis

= Articulospora tetracladia

m Lunuslospora curvula

= Tetrachaetum elegans
Triscelophorus acuminatus

= Others

111

Alnus Alnus
lusitanica
healthy infected

Fraxinus
angustifolia

Populus
nigra

Robinia
lusitanica  pseudoacacia

Scenario1 Scenario 2 Scenario 3

-

Fig.4 Fungal sporulation rates (average across sampling dates; n = 3) associated with leaf litter of monocultures (A) and mixtures (scenarios;
B). “Others” include species contributing less than 5% to total conidial production
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Discussion

Our results revealed changes in stream ecosystem func-
tioning and associated fungal assemblages following
infection of riparian alder by P. Xalni and subsequent
replacement of diseased trees by the invasive black locust.
Rates of leaf litter decomposition, a fundamental process
often used to assess ecological impacts of stressors on
ecosystem functioning [44, 45], experienced first a weak
increase after alder infection and subsequently a strong
decrease after replacement of infected alder with black
locust, when measured in leaf litter mixtures also con-
taining other native species (i.e., ash and poplar). These
changes had the expected direction, confirmed hypotheses
i and ii, and reflected differences in leaf litter chemistry.
Leaf litter of infected alder showed higher nutrient concen-
trations and lability than that of healthy alder, as reported
before [24], which has been attributed to reduced nutrient
resorption efficiency of infected trees [46] or to accumu-
lation of nutrients in leaves due to stress induced by root
damage [47]. In contrast, black locust leaf litter had lower
N concentration than that of alder and the lowest P concen-
tration, as well as high polyphenol concentrations, which
reduced its palatability and hence its decomposition rate,
as shown also in other studies [33-35, 48].

Despite the clear differences in leaf litter chemistry and
the fact that trends in leaf litter decomposition followed the
expected pattern, the reduction in decomposition rates when
comparing mixtures with healthy alder (scenario 1) with
mixtures with black locust (scenario 3) was not statistically
significant during our experiment, which lasted 42 days. In
contrast, fungal sporulation rates were significantly lower
in mixtures with black locust than in those with healthy
alder, which was likely caused by the high concentration of
polyphenols in black locust, which are known to have anti-
microbial activity [12, 34, 49, 50]. The lower reproduction
rate of microbial decomposers in mixtures with black locust
suggests that decomposition rates might be significantly
reduced if measured further in the longer term. This is sup-
ported by the reduction in fungal biomass that occurred with
time in mixtures with black locust, but not in mixtures with
healthy alder. It should be considered that the disappearance
of alder generally occurs after a period when healthy alder is
infected. Thus, while decomposition and fungal sporulation
rates of infected alder leaf litter were slightly higher than
those of healthy alder leaf litter (in monocultures and in
scenario 1 vs. 2), this increase was large enough to obtain a
significant reduction in decomposition and sporulation rates
when infected trees (scenario 2) were further replaced by
black locust (scenario 3).

All leaf litter mixtures showed a positive net diversity
effect on decomposition, that is, they decomposed faster

@ Springer

than expected based on the decomposition of individual
species. The net diversity effect was mainly driven by a
complementarity effect, as shown for the decomposition
of other leaf litter mixtures [35, 51], and it increased with
time, also as observed previously [52]. Alder leaf litter has
been reported to enhance decomposition of more recalci-
trant leaf litter in mixtures [12, 51, 53], either by attracting
detritivores [54] or by increasing the leaf nutrient con-
centration of other species through nutrient transfer by
fungal hyphae [55]. In our experiment, there could have
been transfer of N from alder or black locust to the other
species, and also a transfer of P in the opposite direc-
tion. This could possibly occur through uptake of leached
nutrients [56, 57], since leaf discs were individually in
constant movement in the microcosms, most likely pre-
cluding nutrient transfer by fungal hyphae.

In contrast to the pattern revealed for decomposition,
we found no significant differences among leaf litter mix-
tures for fungal biomass, with only a weak trend towards
higher biomass in healthy alder. This contrasts with pre-
vious studies, where infected alder showed higher fun-
gal biomass than healthy alder [24]. Here, infected alder
showed similar values to those of black locust, which usu-
ally presents low fungal biomass due to their low nutrient
and high polyphenol concentrations [34]. Our observed
pattern could be caused by nutrient transfer among leaf lit-
ter types, which is supported by the positive complemen-
tarity effect on fungal biomass found at the early stages of
the experiment. Towards later stages, however, there was
a negative complementarity effect, suggesting that inhibi-
tory compounds present in different leaf litter types could
have reduced fungal growth [53, 54], maybe in parallel to
a depletion of nutrients [58]. The greater reduction in mix-
tures with black locust and infected alder may be caused
by the higher polyphenol and lower nutrient concentration
in black locust, which make them more prone to nega-
tive effects [34], and the enhancement of decomposition
caused by infected alder, which may have caused a faster
consumption of nutrients [58], which therefore may not
have compensated the negative effects of tannins and other
compounds [12].

Leaf litter of different species showed different fungal
assemblages, according to the different substrate prefer-
ences shown by fungal species [11]. As previously observed
[24], healthy and infected alder showed similar assem-
blages, but mixtures with alder had different assemblages
compared to mixtures with black locust. This difference was
mainly driven by A. tetracladia, which was the most abun-
dant hyphomycete in all mixtures, but it was reduced in the
presence of black locust. This probably occurred because
its sporulation was limited due to lower nutrient and higher
polyphenol concentrations [14, 54, 59, 60].
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Conclusions

Our study reveals changes in the key stream ecosystem pro-
cess of leaf litter decomposition and associated fungal assem-
blages, following a sequence of alterations in species compo-
sition of the riparian forest. The most striking changes occur
when alder is infected by P. Xalni, which slightly accelerates
the process of leaf litter decomposition if compared to non-
infected alder trees and which, after the replacement of alder
with the exotic black locust, induces a significant reduction
in the decomposition process and a substantial change in the
characteristics of microbial decomposer assemblages. Our
results also suggest that changes detected 42 days after the
experiment started would be intensified in the longer term, as
proposed elsewhere [24]. Impacts to the riparian forest, such
as infectious diseases—which drive changes in the traits of
native species and can ultimately lead to their loss—and spe-
cies invasions—which introduce species with different traits
from those of native species—have the capacity to alter the
functioning and structure of the stream ecosystem. Our study
shows how this occurs even if the native and invasive species
belong to the same functional group, in this case N-fixing
species. Overall, our study highlights the importance of pre-
serving native and healthy riparian vegetation in order to
maintain proper ecosystem functioning.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00248-024-02343-w.

Acknowledgements Ergosterol analyses were ordered to Instituto do
Ambiente Tecnologia e Vida (IATV, University of Coimbra, Portu-
gal). Comments provided by two anonymous reviewers on an earlier
version of the manuscript were much appreciated.

Author Contribution All authors conceived the ideas and designed
methodology; AA and VF collected the data and analyzed the data;
AA led the writing of the manuscript. All authors contributed critically
to the drafts and gave final approval for publication.

Funding Open Access funding provided thanks to the CRUE-CSIC
agreement with Springer Nature. This study was financed by the Portu-
guese Foundation for Science and Technology (FCT) through projects
UIDP/04292/2020 and UIDB/04292/2020 granted to MARE, project
LA/P/0069/2020 granted to the Associate Laboratory ARNET, and
financial support granted to VF (CEECIND/02484/2018); by Basque
Government funds for Consolidated Research Groups granted to LB
(Ref. IT1471-22); and by a UPV/EHU predoctoral fellowship granted
to AA. AS was granted by ACCION VI-23 for a research stay under-
taken in July 2023 at MAREFOZ, Figueira da Foz, Portugal. Alder leaf
litter sampling and posting were funded by grant AGL2014-53822-C2-
1-R from the Spanish Ministry of Economy and Competitiveness and
the European Union’s European Regional Development Fund (ERDF).

Data Availability Data is available from the Open Science Framework
Repository.

Declarations

Competing Interests The authors have no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Kominoski JS, Shah JJF, Canhoto C, Fischer DG, Giling DP,
Gonzalez E, Griffiths NA, Larrafiaga A, LeRoy CJ, Mineau MM,
McElarney YR, Shirley SM, Swan CM, Tiegs SD (2013) Fore-
casting functional implications of global changes in riparian plant
communities. Front Ecol Environ 11:423—432. https://doi.org/10.
1890/120056

2. Ellison AM, Bank MS, Clinton BD, Colburn EA, Elliott K, Ford
CR, Foster DR, Kloeppel BD, Knoepp JD, Lovett GM (2005) Loss
of foundation species: consequences for the structure and dynam-
ics of forested ecosystems. Front Ecol Environ 3:479-486. https://
doi.org/10.1890/1540-9295(2005)003[0479:LOFSCF]2.0.CO;2

3. Wallace JB, Eggert SL, Meyer JL, Webster JR (1997) Multiple
trophic levels of a forest stream linked to terrestrial litter inputs.
Science 277:102—-104. https://doi.org/10.1126/science.277.5322.102

4. Molinero J, Pozo J (2004) Impact of a eucalyptus (Eucalyptus
globulus Labill.) plantation on the nutrient content and dynam-
ics of coarse particulate organic matter (CPOM) in a small
stream. Hydrobiologia 528:143-165. https://doi.org/10.1007/
s10750-004-2338-4

5. Pereira A, Ferreira V (2021) Invasion of native riparian forests by
Acacia species affects in-stream litter decomposition and associ-
ated microbial decomposers. Microb Ecol 81:14-25. https://doi.
org/10.1007/s00248-020-01552-3

6. Pereira A, Figueiredo A, Ferreira V (2021) Invasive Acacia tree
species affect instream litter decomposition through changes in
water nitrogen concentration and litter characteristics. Microb
Ecol 82:257-273. https://doi.org/10.1007/s00248-021-01749-0

7. Ramos SM, Graca MAS, Ferreira V (2021) A comparison of
decomposition rates and biological colonization of leaf litter from
tropical and temperate origins. Aquat Ecol 55:925-940. https://
doi.org/10.1007/s10452-021-09872-3

8. Ostrofsky M (1997) Relationship between chemical characteristics
of autumn-shed leaves and aquatic processing rates. J North Am
Benthol Soc 16:750-759. https://doi.org/10.2307/1468168

9. Jabiol J, Lecerf A, Lamothe S, Gessner MO, Chauvet E (2019)
Litter quality modulates effects of dissolved nitrogen on leaf

@ Springer


https://doi.org/10.1007/s00248-024-02343-w
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1890/120056
https://doi.org/10.1890/120056
https://doi.org/10.1890/1540-9295(2005)003[0479:LOFSCF]2.0.CO;2
https://doi.org/10.1890/1540-9295(2005)003[0479:LOFSCF]2.0.CO;2
https://doi.org/10.1126/science.277.5322.102
https://doi.org/10.1007/s10750-004-2338-4
https://doi.org/10.1007/s10750-004-2338-4
https://doi.org/10.1007/s00248-020-01552-3
https://doi.org/10.1007/s00248-020-01552-3
https://doi.org/10.1007/s00248-021-01749-0
https://doi.org/10.1007/s10452-021-09872-3
https://doi.org/10.1007/s10452-021-09872-3
https://doi.org/10.2307/1468168

32 Page 10 of 11

A. Alonso et al.

10.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

decomposition by stream microbial communities. Microb Ecol
77:959-966. https://doi.org/10.1007/s00248-019-01353-3
Marks JC (2019) Revisiting the fates of dead leaves that fall into
streams. Ann Rev Ecol Evol Syst 50:547-568. https://doi.org/10.
1146/annurev-ecolsys-110218-024755

. Gulis V (2001) Are there any substrate preferences in aquatic

hyphomycetes? Mycol Res 105:1088-1093. https://doi.org/10.
1016/S0953-7562(08)61971-1

Alonso A, Pérez J, Monroy S, Lépez-Rojo N, Basaguren A,
Bosch J, Boyero L (2021) Loss of key riparian plant species
impacts stream ecosystem functioning. Ecosystems 24:1436—
1449. https://doi.org/10.1007/s10021-020-00592-7

. Kominoski JS, Pringle CM (2009) Resource—consumer diver-

sity: testing the effects of leaf litter species diversity on stream
macroinvertebrate communities. Freshw Biol 54:1461-1473.
https://doi.org/10.1111/§.1365-2427.2009.02196.x

Alonso A, Lopez-Rojo N, Pérez J, Boyero L (2022) Functional
consequences of alder and oak loss in stream ecosystems.
Freshw Biol 67:1618-1630

Ferreira V, Figueiredo A, Graga MA, Marchante E, Pereira A
(2021) Invasion of temperate deciduous broadleaf forests by
N-fixing tree species—consequences for stream ecosystems. Biol
Rev 96:877-902. https://doi.org/10.1111/brv.12682

Waring RH, Running SW (2010) Forest ecosystems: analysis at
multiple scales. Elsevier

Graca MAS, Cressa C, Gessner MO, Feio MJ, Callies KA,
Barrios C (2001) Food quality, feeding preferences, survival
and growth of shredders from temperate and tropical streams.
Freshw Biol 46:947-957. https://doi.org/10.1046/j.1365-2427.
2001.00729.x

Bjelke U, Boberg J, Oliva J, Tattersdill K, McKie BG (2016)
Dieback of riparian alder caused by the Phytophthora alni com-
plex: projected consequences for stream ecosystems. Freshw
Biol 61:565-579. https://doi.org/10.1111/fwb.12729

Jung T, Pérez-Sierra A, Duran A, Jung MH, Balci Y, Scanu B
(2018) Canker and decline diseases caused by soil-and airborne
Phytophthora species in forests and woodlands. Pers-Mol Phy-
logeny Evol Fungi 40:182-220. https://doi.org/10.3767/perso
onia.2018.40.08

Jung T, Blaschke M (2004) Phytophthora root and collar rot of
alders in Bavaria: distribution, modes of spread and possible
management strategies. Plant Pathol 53:197-208. https://doi.
org/10.1111/j.0032-0862.2004.00957 .x

Husson C, Aguayo J, Revellin C, Frey P, loos R, Marcais B
(2015) Evidence for homoploid speciation in Phytophthora
alni supports taxonomic reclassification in this species com-
plex. Fungal Genet Biol 77:12-21. https://doi.org/10.1016/j.fgb.
2015.02.013

Solla A, Pérez-Sierra A, Corcobado T, Haque M, Diez J, Jung T
(2010) Phytophthora alni on Alnus glutinosa reported for the first
time in Spain. Plant Pathol 59:798-798. https://doi.org/10.1111/j.
1365-3059.2009.02254.x

Jung T, Orlikowski L, Henricot B, Abad-Campos P, Aday A,
Aguin Casal O, Bakonyi J, Cacciola S, Cech T, Chavarriaga D
(2016) Widespread Phytophthora infestations in European nurser-
ies put forest, semi-natural and horticultural ecosystems at high
risk of Phytophthora diseases. For Pathol 46:134—-163. https://doi.
org/10.1111/efp.12239

Ferreira V, Pazianoto LHR, Solla A (2022) Invasive forest patho-
gens affect the characteristics, microbial colonisation, and decom-
position of leaf litter in streams. Freshw Biol 67:416-429. https://
doi.org/10.1111/fwb.13851

Kanoun-Boulé M, Vasconcelos T, Gaspar J, Vieira S, Dias-Fer-
reira C, Husson C (2016) Phytophthora Xalni and Phytophthora
lacustris associated with common alder decline in Central Portu-
gal. For Pathol 46:174-176. https://doi.org/10.1111/efp.12273

Springer

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

Vitkova M, Sadlo J, Rolecek J, Petiik P, Sitzia T, Miillerova J,
Pysek P (2020) Robinia pseudoacacia-dominated vegetation types
of Southern Europe: species composition, history, distribution and
management. Sci Total Environ 707:134857. https://doi.org/10.
1016/j.scitotenv.2019.134857

Naiman RJ, Decamps H (1997) The ecology of interfaces: riparian
zones. Ann Rev Ecol Syst:621-658. https://doi.org/10.1146/annur
ev.ecolsys.28.1.621

Dyderski MK, Gdula AK, Jagodziriski AM (2015) “The rich get
richer” concept in riparian woody species—a case study of the
Warta River Valley (Poznan, Poland). Urban For Urban Green
14:107-114. https://doi.org/10.1016/j.ufug.2014.12.003

Hood WG, Naiman RJ (2000) Vulnerability of riparian zones
to invasion by exotic vascular plants. Plant Ecol 148:105-114.
https://doi.org/10.1023/A:1009800327334

Pysek P, Bacher S, Chytry M, Jarosik V, Wild J, Celesti-Grapow
L, Gasso N, Kenis M, Lambdon PW, Nentwig W (2010) Contrast-
ing patterns in the invasions of European terrestrial and freshwa-
ter habitats by alien plants, insects and vertebrates. Glob Ecol
Biogeogr 19:317-331. https://doi.org/10.1111/j.1466-8238.2009.
00514.x

Kohl M, Rametsteiner E (2007) State of Europe’s Forests 2007:
The MCPFE Report on Sustainable Forest Management in
Europe. Ministerial Conference on the Protection of Forests in
Europe

Castro-Diez P, Fierro-Brunnenmeister N, Gonzalez-Muifioz
N, Gallardo A (2011) Effects of exotic and native tree leaf lit-
ter on soil properties of two contrasting sites in the Iberian
Peninsula. Plant Soil 350:179-191. https://doi.org/10.1007/
s11104-011-0893-9

Alonso A, Gonzalez-Muiioz N, Castro-Diez P (2010) Compari-
son of leaf decomposition and macroinvertebrate colonization
between exotic and native trees in a freshwater ecosystem. Ecol
Res 25:647-653. https://doi.org/10.1007/s11284-010-0698-y
Medina-Villar S, Alonso A, Vazquez de Aldana BR, Pérez-Corona
ME, Castro-Diez P (2015) Decomposition and biological coloni-
zation of native and exotic leaf litter in a Central Spain stream.
Limnetica 34:293-310. https://doi.org/10.23818/limn.34.23
Tonin AM, Boyero L, Monroy S, Basaguren A, Pérez J, Pearson
RG, Cardinale BJ, Gongalves JF, Pozo J (2017) Stream nitrogen
concentration, but not plant N-fixing capacity, modulates litter
diversity effects on decomposition. Funct Ecol 31:1471-1481.
https://doi.org/10.1111/1365-2435.12837

Birlocher F, Gessner MO, Graga MAS (2020) Methods to study
litter decomposition. A practical guide2nd edn. Springer. https://
doi.org/10.1007/978-3-030-30515-4

Goering HK, Van Soest PJ (1970) Forage fiber analyses (appara-
tus, reagents, procedures, and some applications). US Agricultural
Research Service

Gessner MO, Chauvet E (1994) Importance of stream microfungi
in controlling breakdown rates of leaf litter. Ecology 75:1807—
1817. https://doi.org/10.2307/1939639

Hieber M, Gessner MO (2002) Contribution of stream detrivores,
fungi, and bacteria to leaf breakdown based on biomass estimates.
Ecology 83:1026-1038. https://doi.org/10.1890/0012-9658(2002)
083[1026:COSDFA]2.0.CO;2

Gessner MO, Chauvet E (1993) Ergosterol-to-biomass conver-
sion factors for aquatic hyphomycetes. Appl Environ Microbiol
59:502-507. https://doi.org/10.1128/aem.59.2.502-507.1993
Loreau M, Hector A (2001) Partitioning selection and comple-
mentarity in biodiversity experients. Nature 412:72-76. https://
doi.org/10.1111/j.1365-2427.2008.02092.x

Zar JH (1999) Biostatistical analysis. Pearson Education India
RCoreTeam (2022) R: a language and environment for statistical
computing. R Foundation for Statistical Computing


https://doi.org/10.1007/s00248-019-01353-3
https://doi.org/10.1146/annurev-ecolsys-110218-024755
https://doi.org/10.1146/annurev-ecolsys-110218-024755
https://doi.org/10.1016/S0953-7562(08)61971-1
https://doi.org/10.1016/S0953-7562(08)61971-1
https://doi.org/10.1007/s10021-020-00592-7
https://doi.org/10.1111/j.1365-2427.2009.02196.x
https://doi.org/10.1111/brv.12682
https://doi.org/10.1046/j.1365-2427.2001.00729.x
https://doi.org/10.1046/j.1365-2427.2001.00729.x
https://doi.org/10.1111/fwb.12729
https://doi.org/10.3767/persoonia.2018.40.08
https://doi.org/10.3767/persoonia.2018.40.08
https://doi.org/10.1111/j.0032-0862.2004.00957.x
https://doi.org/10.1111/j.0032-0862.2004.00957.x
https://doi.org/10.1016/j.fgb.2015.02.013
https://doi.org/10.1016/j.fgb.2015.02.013
https://doi.org/10.1111/j.1365-3059.2009.02254.x
https://doi.org/10.1111/j.1365-3059.2009.02254.x
https://doi.org/10.1111/efp.12239
https://doi.org/10.1111/efp.12239
https://doi.org/10.1111/fwb.13851
https://doi.org/10.1111/fwb.13851
https://doi.org/10.1111/efp.12273
https://doi.org/10.1016/j.scitotenv.2019.134857
https://doi.org/10.1016/j.scitotenv.2019.134857
https://doi.org/10.1146/annurev.ecolsys.28.1.621
https://doi.org/10.1146/annurev.ecolsys.28.1.621
https://doi.org/10.1016/j.ufug.2014.12.003
https://doi.org/10.1023/A:1009800327334
https://doi.org/10.1111/j.1466-8238.2009.00514.x
https://doi.org/10.1111/j.1466-8238.2009.00514.x
https://doi.org/10.1007/s11104-011-0893-9
https://doi.org/10.1007/s11104-011-0893-9
https://doi.org/10.1007/s11284-010-0698-y
https://doi.org/10.23818/limn.34.23
https://doi.org/10.1111/1365-2435.12837
https://doi.org/10.1007/978-3-030-30515-4
https://doi.org/10.1007/978-3-030-30515-4
https://doi.org/10.2307/1939639
https://doi.org/10.1890/0012-9658(2002)083[1026:COSDFA]2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083[1026:COSDFA]2.0.CO;2
https://doi.org/10.1128/aem.59.2.502-507.1993
https://doi.org/10.1111/j.1365-2427.2008.02092.x
https://doi.org/10.1111/j.1365-2427.2008.02092.x

Dieback and Replacement of Riparian Trees May Impact Stream Ecosystem Functioning

Page110f 11 32

44,

45.

46.

47.

48.

49.

50.

51.

52.

Gessner MO, Chauvet E (2002) A case for using litter break-
down to assess functional stream integrity. Ecol Appl 12:498-510.
https://doi.org/10.1890/1051-0761(2002)012[0498: ACFULB]2.0.
CO;2

Pazianoto LH, Solla A, Ferreira V (2019) Leaf litter decomposi-
tion of sweet chestnut is affected more by oomycte infection of
trees than by water temperature. Fungal Ecol 41:269-278. https://
doi.org/10.1016/j.funeco.2019.07.005

Cao J, Cheng C, Yang J, Wang Q (2015) Pathogen infection drives
patterns of nutrient resorption in citrus plants. Sci Rep 5:14675.
https://doi.org/10.1038/srep 14675

Milanovi¢ S, Lazarevi¢ J, Karadzi¢ D, Milenkovi¢ I, Jankovsky
L, Vuleta A, Solla A (2015) Belowground infections of the inva-
sive Phytophthora plurivora pathogen enhance the suitability of
red oak leaves to the generalist herbivore Lymantria dispar. Ecol
Entomol 40:479-482. https://doi.org/10.1111/een.12193
Castro-Diez P, Gonzalez-Muiioz N, Alonso A, Gallardo A, Poorter
L (2009) Eftects of exotic invasive trees on nitrogen cycling: a
case study in Central Spain. Biol Invasions 11:1973-1986. https://
doi.org/10.1007/s10530-008-9374-3

Lopez-Rojo N, Pérez J, Pozo J, Basaguren A, Apodaka-Etxebarria
U, Correa-Araneda F, Boyero L (2020) Shifts in key leaf litter
traits can predict effects of plant diversity loss on decomposi-
tion in streams. Ecosystems 24:185-196. https://doi.org/10.1007/
$10021-020-00511-w

McArthur JV, Aho JM, Rader RB, Mills GL (1994) Interspecific
leaf interactions during decomposition in aquatic and floodplain
ecosystems. J North Am Benthol Soc 13:57-67. https://doi.org/
10.2307/1467265

Lépez-Rojo N, Martinez A, Pérez J, Basaguren A, Pozo J, Boyero
L (2018) Leaf traits drive plant diversity effects on litter decompo-
sition and FPOM production in streams. PloS One 13:¢0198243.
https://doi.org/10.1371/journal.pone.0198243

Cardinale BJ, Wright JP, Cadotte MW, Carroll IT, Hector A, Sriv-
astava DS, Loreau M, Weis JJ (2007) Impacts of plant diversity
on biomass production increase through time because of species
complementarity. Proc Natl Acad Sci 104:18123-18128. https://
doi.org/10.1073/pnas.0709069104

53.

54.

55.

56.

57.

58.

59.

60.

Rubio-Rios J, Pérez J, Salinas MJ, Fenoy E, Lopez-Rojo N,
Boyero L, Casas JJ (2021) Key plant species and detritivores
drive diversity effects on instream leaf litter decomposition
more than functional diversity: a microcosm study. Sci Total
Environ 798:149266. https://doi.org/10.1016/j.scitotenv.2021.
149266

Ferreira V, Encalada AC, Gragca MAS (2012) Effects of lit-
ter diversity on decomposition and biological colonization of
submerged litter in temperate and tropical streams. Freshw Sci
31:945-962. https://doi.org/10.1899/11-062.1

Handa IT, Aerts R, Berendse F, Berg MP, Bruder A, Butenschoen
O, Chauvet E, Gessner MO, Jabiol J, Makkonen M, McKie BG,
Malmgqvist B, Peeters ETHM, Scheu S, Schmid B, van Ruijven J,
Vos VCA, Hittenschwiler S (2014) Consequences of biodiversity
loss for litter decomposition across biomes. Nature 509:218-221.
https://doi.org/10.1038/nature 13247

Lépez-Rojo N, Pozo J, Pérez J, Basaguren A, Martinez A, Tonin
AM, Correa-Araneda F, Boyero L (2019) Plant diversity loss
affects stream ecosystem multifunctionality. Ecology 100:¢02847.
https://doi.org/10.1002/ecy.2847

Gessner MO, Swan CM, Dang CK, McKie BG, Bardgett RD,
Wall DH, Hittenschwiler S (2010) Diversity meets decomposi-
tion. Trends Ecol Evol 25:372-380. https://doi.org/10.1016/j.tree.
2010.01.010

Compson ZG, Hungate BA, Whitham TG, Koch GW, Dijkstra
P, Siders AC, Wojtowicz T, Jacobs R, Rakestraw DN, Allred KE
(2018) Linking tree genetics and stream consumers: isotopic trac-
ers elucidate controls on carbon and nitrogen assimilation. Ecol-
ogy 99:1759-1770. https://doi.org/10.1002/ecy.2224

Kominoski JS, Pringle CM, Ball BA, Bradford MA, Coleman DC,
Hall DB, Hunter MD (2007) Nonadditive effects of leaf litter spe-
cies diversity on breakdown dynamics in a detritus-based stream.
Ecology 88:1167-1176. https://doi.org/10.1890/06-0674

Pérez J, Ferreira V, Graca MAS, Boyero L (2021) Litter quality
is a stronger driver than temperature of early microbial decompo-
sition in oligotrophic streams: a microcosm study. Microb Ecol
1-12. https://doi.org/10.1007/s00248-021-01858-w

@ Springer


https://doi.org/10.1890/1051-0761(2002)012[0498:ACFULB]2.0.CO;2
https://doi.org/10.1890/1051-0761(2002)012[0498:ACFULB]2.0.CO;2
https://doi.org/10.1016/j.funeco.2019.07.005
https://doi.org/10.1016/j.funeco.2019.07.005
https://doi.org/10.1038/srep14675
https://doi.org/10.1111/een.12193
https://doi.org/10.1007/s10530-008-9374-3
https://doi.org/10.1007/s10530-008-9374-3
https://doi.org/10.1007/s10021-020-00511-w
https://doi.org/10.1007/s10021-020-00511-w
https://doi.org/10.2307/1467265
https://doi.org/10.2307/1467265
https://doi.org/10.1371/journal.pone.0198243
https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1073/pnas.0709069104
https://doi.org/10.1016/j.scitotenv.2021.149266
https://doi.org/10.1016/j.scitotenv.2021.149266
https://doi.org/10.1899/11-062.1
https://doi.org/10.1038/nature13247
https://doi.org/10.1002/ecy.2847
https://doi.org/10.1016/j.tree.2010.01.010
https://doi.org/10.1016/j.tree.2010.01.010
https://doi.org/10.1002/ecy.2224
https://doi.org/10.1890/06-0674
https://doi.org/10.1007/s00248-021-01858-w

	Dieback and Replacement of Riparian Trees May Impact Stream Ecosystem Functioning
	Abstract
	Introduction
	Materials and Methods
	Leaf Litter Collection
	Leaf Litter Characterization
	Experimental Procedure
	Fungal Conidial Production
	Fungal Biomass
	Data Analyses

	Results
	Leaf Litter Traits
	Leaf Litter Decomposition
	Fungal Biomass
	Fungal Conidial Production and Assemblage Structure

	Discussion
	Conclusions
	Acknowledgements 
	References


