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• Volcanic deposits changed habitat and
biofilm composition near the volcano.

• Affected streams had higher suspended
solids and P concentrations than unaf-
fected streams.

• Biofilm C:P ratio and alkaline phospha-
tase activity were lower in affected
streams than in unaffected streams.

• Lower dissolved N:P ratio in affected
streams led to higher Cyanobacteria
biomass.
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Volcanic eruptions are extreme perturbations that affect ecosystems. These events can also produce persistent
effects in the environment for several years after the eruption, with increased concentrations of suspended par-
ticles and the introduction of elements in the water column. On 4th June 2011, the Puyehue-Cordón Caulle Vol-
canic Complex (40.59°S-72.11°W, 2200 m.a.s.l.) erupted explosively in southern Chile. The area affected by the
volcano was devastated; a thick layer of volcanic ash (up to 30 cm) was deposited in areas 50 km east of the vol-
cano towards Argentina. The aim of the present study was to evaluate the effect of volcanic ash deposits on
stream ecosystems four years after the eruption, comparing biofilm stoichiometry, alkaline phosphatase activity,
and primary producer's assemblage in streams which were severely affected by the volcano with unaffected
streams.We confirmed in the laboratory that ash deposited in the catchment of affected streams still leach phos-
phorus (P) into the water four years after eruption. Results indicate that affected streams still receive volcanic
particles and that these particles release P, thus stream water exhibits high P concentration. Biofilm P content
was higher and the C:P ratio lower in affected streams compared to unaffected streams. As a consequence of
less P in unaffected streams, the alkaline phosphatase activity was higher compared to affected streams.
Cyanobacteria increased their abundances (99.9% of total algal biovolume) in the affected streams suggesting
that the increase in P may positively affect this group. On the contrary, unaffected streams contained a diatom
dominant biofilm. In this way, local heterogeneity was created between sub-catchments located within 30 km
of each other. These types of events should be seen as opportunities to gather valuable ecological information
about how severe disturbances, like volcanic eruptions, shape landscapes and lotic systems for several years
after the event.
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1. Introduction

Explosive volcanic eruptions are extreme perturbations that affect
ecosystems due to the ejection and emission of gases, ash, pumice,
and lava (Franklin et al., 2000; Lindenmayer et al., 2010; Sousa, 1984).
This material arrives in the biosphere directly from the Earth's interior,
introducing new elements into ecosystems (Jones and Gislason, 2008;
Óskarsson, 1980; Stewart et al., 2006;Witham et al., 2005). Many stud-
ies have examined how fresh ash deposition introduces a range of po-
tentially toxic elements into the ecosystem, such as arsenic, copper,
zinc, fluoride, and molybdenum (Cronin et al., 2014; Duggen et al.,
2007; Ruggieri et al., 2011; Stewart et al., 2006). Ash and pumice can
also deliver different key nutrient into the waters, such as iron or phos-
phorus, that can stimulate marine or lacustrine primary producers
(Boyd et al., 2000; Frogner et al., 2001; Hamme et al., 2010; Modenutti
et al., 2013). In addition to this enrichment effect, the increased
concentrations of suspended particles (volcanic ash) in the water col-
umn may also positively affect phytoplankton growth by reducing
photoinhibition in very clear lakes (Modenutti et al., 2013).

Besides the immediate effects, volcanic ash can also produce persis-
tent effects in the environment lasting several years after the eruption
(Dale et al., 2005). Volcanic material that falls into water bodies imme-
diately affects the aquatic communities, whilemuch of thematerial that
falls inland can reach the streams decades after the event due to rain
and snowmelt (Bisson, 2005). In thisway, accumulationof ash in stream
channels increases total suspended solids and changes the riparian
zone, causing habitat loss that affects macroinvertebrate communities
for years after eruption (Lallement et al., 2016; Miserendino et al.,
2012). Additionally, following the initial physical effects, mechanical
pyroclast disaggregation resulting from natural post-eruptive processes
(i.e. avalanches, lahars, and fluvial transport) could produce new fresh
particle surfaces with the increase of fine-grained particles that can
also leach elements (Genareau et al., 2016). In this sense, there are
very few studies investigating the effect of element inputs after the oc-
currence of volcanic eruptions on aquatic environments.

One of the elements responsible for fertilization effects after addition
of ash is phosphorus (Modenutti et al., 2013). Phosphorus (P) recycling
in streams is intimately associatedwithmicroorganisms attached to the
bottom (the biofilm) (Dodds, 2003; Mulholland et al., 1994). In P-
limited environments, algae and bacteria can acquire P from organic
molecules by releasing extracellular enzymes, such as alkaline phospha-
tase, into the biofilm matrix (Sand-Jensen, 1983). Therefore, estimation
of alkaline phosphatase activity (APA) can be used to detect P deficiency
in aquatic ecosystems (Münster and Chróst, 1990). Since volcanic ash
releases P, a decrease in P limitation would affect the N:P ratio
(Modenutti et al., 2013) and this newenvironmentwould, in turn, affect
biofilm composition since cyanobacteria would be favoured, increasing
N2 fixation under an increased P supply (Marcarelli and Wurtsbaugh,
2006).

Northern Patagonia is an active volcanic regionwith historically high
eruption frequency (Inbar et al., 1995). On 4th June 2011, the Puyehue-
Cordón Caulle Volcanic Complex (40.59°S-72.11°W, 2200 m.a.s.l.)
erupted explosively in southern Chile. The volcano produced 1.46 km3

of rhyolitic volcanic material (or 0.2–0.4 km3 dense rock equivalent py-
roclastic deposits) (Silva Parejas et al., 2012), a similar amount to that
erupted by Mount St. Helens in 1980. The total area (7.5 million hect-
ares) affected by the volcano was covered by 9.5 × 1011 kg of pyroclast
material, which fell differentially south-eastwards, depositing a thick
layer (up to 30 cm) in areas 50 km east of the volcano towards
Argentina (Gaitán et al., 2011). This event created an opportunity for
the study of ecological disturbance following explosive eruptions. The
aim of the present study was to evaluate the effect of volcanic ash de-
posits on stream ecosystems, analysing biofilm stoichiometry, APA
and composition of primary producer communities four years after
the eruption. Our hypothesis is that volcanic ash still releases P to the
aquatic environment and this affects P content, APA and primary
producer's composition in the biofilm. We tested this hypothesis by
comparing streams which received different ash discharges in the
Nahuel Huapi catchment. Our predictions are: 1) streams with high
levels of suspended solids (TSS) will have higher P concentrations
both in the water and in the biofilm; 2) biofilms with low P availability
in the environmentwill present higher levels of APA; and 3) differences
in P availability will be reflected in the composition of primary producer
communities.

2. Material and methods

2.1. Study area

After the eruption of the Puyehue, the predominant westerly winds
of Patagonia generated a gradient (NW-SE) in the thickness of the de-
positedmaterial (Elser et al., 2015; Gaitán et al., 2011) (Fig. 1). In the af-
fected area (50 km from the volcano), the pyroclastic layers are mostly
characterized by bimodal grain-size distributions, alternating lapilli
layers capped by multiple fine ash layers (Pistolesi et al., 2015). The
mineralogy and chemical composition of these deposits were studied
immediately after the eruption and they aremainly composed of silicate
glass (Caneiro et al., 2011; Castro et al., 2013; Shkinev et al., 2016). It is
common that in fresh volcanic particles P occurs primarily in acid solu-
ble forms and its solubility decreases with chemical weathering
(Nanzyo et al., 1993). Adsorption of volcanic salt aerosols is the main
mechanism responsible for the presence of soluble compounds on vol-
canic particles (Smith et al., 1982; Smith and Kalff, 1983; Taylor and
Stoiber, 1973).

Pristine (non-weathered) pumice produced by the Puyehue leached
90 μg P g−1 (Modenutti et al., 2013). Themost affected lakes showed an
increase of total suspended solids and in light attenuation, higher P con-
centrations and phytoplankton biomass relative to pre-eruption condi-
tions (Modenutti et al., 2013). By 2012, lake transparency had greatly
recovered (Balseiro et al., 2014); however, thick pyroclastic deposits
persist in the catchments (Fig. 2). Sampling was carried out in four
streams according to the presence/absence of ash deposits (Fig. 1). We
chose the streams based on the NW-SE gradient of deposit thickness
and previous exploratory sampling, in order to select comparable sys-
tems regarding stream order, size, slope, vegetation cover and bottom
morphology. Two types of streams were selected: Affected streams
(A-streams), La Estacada (A1) and Ragintuco (A2), located closer to
the volcano (approximately 50 km), with a 10-cm layer of ash in the
floodplain; and Unaffected streams (U-streams), Goye (U1) and Casa
de Piedra (U2), located 80 km from the volcano, without the presence
of volcanic ash in the floodplain. The A-streams discharge into Lake
Nahuel Huapi and have a N-S exposition. The U-streams discharge
into Lake Moreno, which is connected with Lake Nahuel Huapi, and
have a SW-NE exposition (Fig. 1). The streams are fourth order streams
and drain pristine areas, where the only human activity is hiking.

Streambeds were dominated by a mixture of crystalline igneous,
volcanic, and plutonic rocks with approximately 50% of boulders, 40%
of cobbles, and 10% of gravel and sand, with volcanic deposits in the in-
terstices of rocks in A-streams. The streams are surrounded by perennial
native forests ofNothofagus dombeyi and Austrocedrus chilensis. The area
receives approximately 2000mmyear−1 as rainfall and snow, following
a bimodal hydrological regimewith high discharges in late autumn and
spring (rainfall and snowmelt, respectively) and the lowest discharge in
summer–early autumn.

2.2. Leachate experiment

In order to investigate volcanic deposits as a source of P in the envi-
ronment, we performed a laboratory experiment in which we quanti-
fied P released from lapilli four years after the eruption. In addition,
we assessed whether the effect of milling increased P leachate. We
assessed the milling effect using two grain-size particles: Large size



Fig. 1. Area affected by volcanic deposits along the West–East gradient layers depth in Nahuel Huapi catchment. Affected streams: A1 and A2. Unaffected streams: U1 and U2. PCCVC:
Puyehue Cordón Caulle volcanic complex located in Chile (40.59°S-72.11°W, 2200 m.a.s.l.).
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“lapilli” (2.0 ± 0.1 cm diameter) and Small size particles “ash” (b500
μm), obtained from themilling of lapilli. Volcanicmaterial was obtained
from the deposits that remained in the riparian zone of the A-streams
(Fig. 2). The samples were collected with a sterile shovel excluding
Fig. 2. Photograph of the deposits of volcanic material at the ripar
the upper 4 cm layer to avoid soil debris, and transported to the labora-
tory in sterile polyethylene bags. In the laboratory, sediments were im-
mediately dried at 60 °C for 48 h. Then, four lapilli (2.0 ± 0.1 cm
diameter) were mechanically milled in a manual mortar and sieved
ian zone of an affected stream during March 2015 sampling.
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through a 500-μm sieve to obtain ash particles b500 μm. Leaching was
carried out by adding 1 g of volcanic particles (Large or Small size) to
250 mL Milli Q water in sterile Erlenmeyer flasks (4 replicates each).
The flasks were gently and continuously agitated in a shaker at
140 rpm in an incubator at 15 °C. Samples for P measurement were
taken after 24 h (following Cronin et al., 1997), and 48 h as suggested
by Witham et al. (2005). The water was then filtered through 0.7-μm
GF/F filters and P was determined using the ascorbate-reduced molyb-
denum method (APHA, 2005) (see Laboratory procedures). The results
were expressed as μg P per g ash.

2.3. Field sampling

Streams were sampled on three occasions, one in high discharge
conditions (October 2014), and two in low discharge conditions
(March 2015 and April 2015). On each sampling occasion, temperature,
oxygen concentration, and conductivity were measured with a
multiprobe (YSI 85, Yellow Spring, Ohio) and pH was measured with a
pHmeter (HANNA, HI8424). Turbidity wasmeasured as NTU (Nephelo-
metric Turbidity Units) with a portable turbidity meter (Lutron TU-
2016, Taipei, Taiwan). Flow velocity was measured with a water flow
meter (Global Water, California, USA). Water samples for nutrient con-
centration measurements were collected in acid-washed 2-L plastic
containers and immediately transported to the laboratory.

For biofilm sampling, three rocks (cobbles, surface area 90 ± 4 cm2

approximately), were collected at each sampling site and individually
stored in a plastic bag according to Biggs and Close (1989), from riffle
areas of the main channel of the stream, avoiding the shore line. Rocks
were transported to the laboratory under dark conditions and in ther-
mally insulated containers.

2.4. Laboratory procedures

Streamwater was filtered through pre-combusted GF/F filters to de-
termine dissolved organic carbon and dissolved nutrient concentra-
tions. Dissolved organic carbon (DOC) concentration was determined
with a high-temperature combustion analyser (Shimadzu TOC V-CSH),
using potassium hydrogen phthalate as the standard. Total dissolved ni-
trogen (TDN)was analysed in filtered lakewater using a TN-M1 unit on
the Shimadzu TOC V-CSH. Total dissolved phosphorus (TDP) was
analysed after digestion with potassium persulphate at 125 °C at
1.5 atm for 1 h. Phosphorus concentration was measured using the
ascorbate-reduced molybdenum blue technique (APHA, 2005). Total
suspended solids (TSS) were quantified by filtering 400 mL stream
water through pre-combusted and pre-weighed GF/F filters. Water
N:P ratios (atomic) were calculated as TDN to TDP atomic
concentrations.

The biofilm was obtained by scraping individual rocks with a brush
and carefully rinsing them with Milli Q water. The obtained suspension
was used for the estimation of biofilm phosphorus (P), carbon (C) and
nitrogen (N) content, total organic matter as ash-free dry mass
(AFDM), alkaline phosphatase activity (APA), chlorophyll a (Chl-a) con-
centration, bacterial and algal abundance, and autotroph biovolume and
composition (Romaní and Sabater, 2001). The biofilm P contentwas de-
termined by filtering 5mL of the suspension through acid-washed (10%
HCl) GF/F filters and dried at 60 °C for 48 h. After combustion at 550 °C
for 1.5 h, P content of ash was analysed using the ascorbate-reduced
molybdenum method (APHA, 2005). Measurements of C and N in bio-
filmwere conducted byfiltering another 5mLof the homogenized sam-
ple through pre-combusted GF/F filters, dried at 60 °C for 48 h and
analysedwith a Thermo Finnigan EA 1112 CN elemental analyser (Ther-
mo Scientific, Milano, Italy). The results were expressed as C:N and C:P
atomic ratios.

Subsamples for ash-free dry mass (AFDM) determination were fil-
tered on pre-combusted and pre-weighed Whatman GF/F filters and
dried at 80 °C for 1.5 h. The filters were weighed and combusted at
550 °C for 1.5 h, then re-weighed, and AFDMwas computed as the dif-
ference in mass before and after incineration (APHA, 2005).

Determinations of APA in the homogenized sample were carried out
during 30 min of incubation, according to Hoppe (1983), using
methylumbelliferyl phosphate (MUP; 36 μM) in Tris buffer (pH 8.3).
Temperature was stabilized in a water bath at 25 °C (to optimize the
temperature of the enzymatic activity) for 30min; 0.5mLMUP solution
was then added to all samples, blanks andMUP standards. Fluorescence
was measured with a Perkin Elmer LS45 fluorometer. Values were
expressed as nMMU g AFDM−1 h−1.

A subsample of the suspension was used for Chl-a extraction, using
90% hot ethanol (Nusch, 1980); spectrophotometric readings were car-
ried out at 665 nm and 750 nm. Corrections for phaeophytin were per-
formed by acidification with HCl. Autotrophic index was calculated as
the relationship between Chl-a and AFDM concentrations to estimate
the relative importance of thephotosynthetic fraction in the community
(Havens et al., 1996).

Determination of bacterial abundance involved fixing a subsample
in filtered formaldehyde at a final concentration of 2% v/v. Abundance
of bacterial cells was determined by filtering 250 μL subsample, previ-
ously stained with 4′,6′-diamidino-2-phenylindole (DAPI) at a final
concentration of 0.2%w/v, according to Porter and Feig (1980). Counting
was performed on 0.2-μm black polycarbonate filters (Poretics) under
an epifluorescence microscope (Olympus BX50) at ×1250 magnifica-
tion using a UV light (U-MWU filter). Twenty fields per filter were
counted.

For algal composition analysis, a subsample (10 mL) of the suspen-
sion was fixed with acid Lugol's solution. Identifications were per-
formed under microscope (Olympus BX50) at 1000×, to genus level
when possible, according to the website AlgaeBase (Guiry and Guiry,
2017). Besides, for Cyanobacteria we followed Komárek and
Anagnostidis (1989, 1999, 2005) and Komárek et al. (2014). For dia-
toms, 1mL of the samples was treated with peroxide in order to oxidise
organic matter to facilitate the identification. Samples were mounted in
Naphrax ® and examined under microscope at 1000×. Identifications
were performed according to Krammer and Lange-Bertalot (1986,
1988, 1991). For algal abundance determinations, three aliquots were
examined in a chamber of 20 μL volume under a direct microscope
(Olympus BX50) at 400× magnification and at least 60 random images
of each aliquot were obtained with a digital camera (Olympus DP 70).
Cells were counted and measured using an image analysis system
(Image ProPlus; Media Cybernetics, Warrendale, PA, USA). Biovolume
was estimatedwith bestfitting geometricmodels, using average dimen-
sions of a minimum of 20 cells per species per sample (Hillebrand et al.,
1999). The biovolume of macroscopic spherical colonies of Nostoc was
calculated bymeasurement of individual colonies at 50×magnification.

2.5. Data analysis

Statistical analyses were performed using SPSS 18 software and
SigmaStat version 12.5 (Systat Software Inc., San Jose, CA, USA.). Statis-
tical differences between P concentrations in leachates of volcanic ma-
terial were assessed using one-way repeated measures of Analysis of
Variance (RM-ANOVA), with particle size (Small and Large) as the
between-subject factor and leachate time (24 h and 48 h) as the
within-subject factor.

Differences in streamwater physical and chemical variables and bio-
film parameters (biofilm P and C content, C:P and C:N ratio, APA, Chl-a,
AFDM, Chl-a:AFDM, bacterial and algal abundance and algal biovolume)
between stream types were also analysed using one-way RM-ANOVA.
We used “Impact” as the between-subject factor (with two levels: A-
streams and U-streams) and “Time” as the within-subject factor (with
three levels: October, March and April). A posteriori Bonferroni's tests
were used to comparemain effects. These contrasts are based on the lin-
early independent paired comparisons between the estimatedmarginal
means.



Table 1
Physiochemical parameters of stream water in affected (A) and unaffected (U) streams during the study period and results of the one-way RM-ANOVA. Values correspond to individual
measurements at each of the two sites for each stream type.

Time October
2014

March
2015

April 2015 Statistics

Impact A U A U A U Impact Time Impact ×
Time

TSS (mg L−1) 5.9 0.3 6.2 2.4 3.5 0.3 b0.001⁎ 0.004⁎ 0.031⁎

6.1 0.2 7.2 2.2 2.5 0.4
Turbidity (NTU) 4.1 1.6 4.1 2.1 3.2 0.6 0.001⁎ 0.032⁎ 0.627

4.2 1.5 4.7 1.9 2.9 0.9
TDP (μg L−1) 5.8 6.2 15.1 6.9 5.0 2.1 0.037⁎ 0.023⁎ 0.047⁎

5.3 6.7 12.2 4.68 4.9 2.05
DOC (mg L−1) 0.6 0.4 0.8 0.5 0.9 0.6 0.078 0.140 0.507

0.6 0.4 0.7 0.4 0.6 0.5
TDN (μg L−1) 53.8 28.5 55.1 57.8 57.8 37.8 0.227 0.101 0.059

58.7 28.6 42.8 71.9 36.7 30.0
N:P (atomic) 20.4 10.2 8.1 18.5 25.6 39.2 0.119 0.153 0.044⁎

24.3 9.4 7.7 34.0 16.8 32.4
Flow velocity
(cm s−1)

55.6 51.0 17.4 27.1 35.5 22.0 0.748 0.008⁎ 0.154
63.7 59.6 14.0 29.7 25.7 29.7

Temperature (°C) 5.7 4.7 11.4 10.6 7.9 5.9 0.161 0.001⁎ 0.303
7.0 6.2 13.8 11.5 8.6 5.2

Oxygen (%) 94.0 92.0 63.0 91.4 38.7 91.7 0.016⁎ 0.069 0.060
91.0 86.4 85.0 100.0 37.8 93.2

Conductivity
(μS cm−1)

17.0 11.7 50.0 37.0 43.4 29.6 0.017⁎ 0.018⁎ 0.842
25.2 9.8 46.3 42.4 38.7 33.6

pH 7.5 7.5 7.4 7.4 7.3 7.5 0.937 0.091 0.091
7.2 7.1 7.2 7.2 7.3 7.1

⁎ statistic significance.
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Normality and sphericity assumptions were verified previously. The
Greenhouse–Geisser correction was used to compute adjusted P-level
of F-test when sphericity was not met. Themain effects were compared
using Bonferroni's tests. Themagnitude of the difference between treat-
ments was estimated by the Effect Size Analysis (h2) in ANOVA as:

h2 ¼ SSeffect=SStotal

where SSeffect is the Sum of Square for the factors and SStotal is the total
Sum of Squares for all effects, interactions and errors in the ANOVA.

3. Results

3.1. Ash P leachate and stream water characteristics

The leachate experiments showed that small particles (ash) released
three-fold more P than large particles (lapilli), after both 24 h and 48 h
(one-way RM-ANOVA, no interaction, Psize = 0.018 and Ptime b 0.001;
Fig. 3. Phosphorus released by the two different sizes of volcanic particles (Large and
Small) after 24 h and 48 h in the leaching experiment. Error bars represent ±standard
error.
Fig. 3). This results show that after four years since the eruption particles
still release P and the mechanical milling effectively increases the P
release.

The A-streams and U-streams differed in TSS concentration and TDP
(Table 1). TSS was positively related to both water turbidity and P (lin-
ear regression r2 = 0.97, d.f. = 11, P b 001; and r2 = 0.53, d.f. = 11, P b

0.01 respectively). These results suggest that A-streams still receive vol-
canic particles (more TSS and turbidity) and that these particles release
P (3-fold higher in A-streams than inU-streams). In contrast, we did not
observe differences in DOC or TDN concentration (Table 1). The N:P
ratio differed between stream type and the lowest value (below 16)
was observed in A-streams in March (Table 1). Finally, there were no
differences between the studied streams in terms of flow velocity,
water temperature and pH (Table 1).

3.2. Biofilm

Biofilm P content was higher in A-streams (Figs. 4a and 3b; Table 2),
and the C:P ratio was always lower (Fig. 4c; Table 2). As a consequence
of the high P content in the biofilm of A-stream, APA was lower than in
the biofilm of the U-stream (Fig. 4d; Table 2). The biofilm C:N ratio was
lower in A-streams (C:N=8±0.1) than in U-streams (C:N=10±0.4;
Table 2).

Although Chl-a concentration did not differ between stream types,
total autotroph cell number, biovolume and biofilm AFDMwere higher
in A-streams (Fig. 5a, b and c; Tables 2 and 3). Thus, the autotrophic
index (Chl-a:AFDM) was lower in A-streams (Fig. 5d, Table 2). Howev-
er, bacterial abundances did not differ between stream types (Table 3).

Composition of the autotrophic community differed between stream
types. While in U-streams the assemblage was dominated by
Bacillariophyta (76.9% and 89.9% of biovolume in March and April, re-
spectively), biofilms in A-streams were dominated by Cyanobacteria
(99.9% of total algal biovolume) in particular in March and April
(Fig. 6). Among the Cyanobacteria, themost abundant identified genera
were Nostoc (90%), Calothrix (4%) and Homeothrix (3%). In particular, in
March and April Nostoc reached almost 100% of cell abundance and
biovolume, developing macroscopic colonies. This condition was not
observed in U-streams in which the assemblage was a cohesive thin



Fig. 4. Biofilm variables on the three sampling dates (October 2014, March 2015 and April 2015) in Affected streams (A1 and A2) and Unaffected streams (U1 and U2). a) Biofilm
phosphorus content, b) Biofilm carbon content, c) Biofilm C:P atomic ratio, and d) Alkaline Phosphatase Activity (APA). Error bars represent ±standard error.
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layer dominated by diatoms, with Gomphoneis herculeana, Hannaea
arcus and Syendra ulna accounting for N80% of the biovolume. On the
contrary, in A-streams the diatom species Rhopalodia gibba and
Epithemia adnatawere observed always in very low abundance (b1%).
Finally, Chlorophyta were only found in U-streams.

4. Discussion

Our results show that four years after the volcanic eruption, headwa-
ter streams that were originally heavily affected contained more
suspended solids and higher P concentrations in the water than other
streams in the catchment. This condition can be related to the presence
of deposits in their watershed that release P, particularly if the rocks are
subjected to mechanical milling as performed in our laboratory experi-
ments. Therefore, our results demonstrate that volcanic deposits in the
catchments may represent an important source of solids and phospho-
rus introduced into aquatic environments several years after eruption.
Precipitation not only is responsible for mobilizing volcanic deposits
into the water (Bisson, 2005) but it also increases chemical weathering
rates. Shkinev et al. (2016) found that 15% of the P of the Puyehue fresh
Table 2
Results of the one-way RM-ANOVA for the biofilm parameters of stream water in affected (A) a
surements at each of the two sites for each stream type.

Source of variation Impact Tim

Biofilm parameters F P h2 F

P (mg cm−2) 34.92 b0.001⁎ 0.777 27.4
C (mg cm−2) 15.48 0.003⁎ 0.607 41.7
C:P ratio (atomic) 13.89 0.004⁎ 0.581 5.42
C:N ratio (atomic) 8.91 0.02⁎ 0.497 1.31
APA
(nM MU mg OM−1 h−1)

15.23 0.003⁎ 0.604 16.8

Chl a (μg cm−2) 0.94 0.360 0.086 28.1
Biovolume (mm3 cm−2) 113.01 b0.001⁎ 0.919 5.69
AFDM (mg cm−2) 31.22 b0.001⁎ 0.757 45.6
Chl a: AFDM 31.61 b0.001⁎ 0.760 10.5

⁎ statistic significance. Bold indicate the highest effect size (h2)
ashwas lost after thefirst rain. But volcanicmaterialmay continue to re-
lease P, as mechanical milling of pumice introduces nutrients into the
water with important implications for chemical cycles (Genareau
et al., 2016). Once volcanic ash enters a water body, it releases ions
and elements according to their adsorption/desorption equilibrium
constant, and these ions become available for primary producers
(Frogner et al., 2001). Pristine (non-weathered) ash emitted by the
Puyehue volcano released 90 μg P per gram of pyroclasts (Modenutti
et al., 2013). We showed that after four years of weathering, this volca-
nic material continues to leach P, and this leaching increases with me-
chanical disaggregation, probably as a result of exposure of new,
reactive particle surfaces. As a consequence of the difference in P con-
centration in the water (3-fold higher in A-streams than in U-
streams), we observed differences in biofilm elemental composition,
enzymatic activity and algal assemblage between the two types of
streams.

Biofilm structure and function are sensitive to changes in nutrient
content and other factors, such as temperature, flow velocity, and
light, which determine not only the biofilm community composition,
but also its thickness, relative abundance of autotrophs/heterotrophs,
nd unaffected (U) streams during the study period. Values correspond to individual mea-

e Impact × Time

P h2 F P h2

6 b0.001⁎ 0.733 14.67 0.003⁎ 0.595
0 b0.001⁎ 0.807 8.44 0.002⁎ 0.458

0.0130⁎ 0.351 0.30 0.740 0.029
0.29 0.127 4.87 0.02⁎ 0.351

9 b0.001⁎ 0.628 7.91 0.009⁎ 0.442

1 b0.001⁎ 0.738 0.045 0.930 0.004
0.011⁎ 0.363 5.69 0.011⁎ 0.362

0 b0.001⁎ 0.820 18.41 b0.001⁎ 0.648
2 0.001⁎ 0.513 2.22 0.134 0.182



Fig. 5. Biofilm variables on the three sampling dates (October 2014, March 2015 and April 2015) in Affected streams (A1 and A2) and Unaffected streams (U1 and U2). a) Chlorophyll a
concentration, b) Total algal biovolume, c) Ash free dry mass (AFDM), and d) Chlorophyll a/AFDM ratio. Error bars represent ±standard error.
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and ultimately its function (Battin et al., 2016; Francoeur and Biggs,
2006; Romaní et al., 2013; Sekar et al., 2002). P uptake depends on dif-
ferent factors including water P concentration, biofilm P content, forms
of P available, and the growth stage and thickness of the biofilm (Cotner
and Wetzel, 1992; Sand-Jensen, 1983).The relationship between the
concentration of elements in the water and in biofilms (i.e. the capacity
of the biofilm to accumulate a specific element) might be subjected to
biofilm internal processes and element limitation. In P-limited environ-
ments, additional P may be quickly taken up by microorganisms (Rier
and Stevenson, 2001), leading to increases in P content in biofilm (Hill
and Fanta, 2008; Horner et al., 1990; Kamjunke et al., 2015). Although
algae and bacteria can also obtain P from organic matter, this mecha-
nism requires the synthesis of alkaline phosphatase (Jansson et al.,
1988). Thus, higher APA in biofilms of streams with low P content re-
flects the severe P-limitation in these streams. The lack of differences
in P-content between stream types in October might be attributed to
the low biomass of biofilm in the spring. Flow velocity is recognized as
a major factor affecting biofilm variations in a given habitat (Battin
et al., 2003; Stevenson et al., 1996), and in temperatemountain streams,
snowmelt produces extremely high increases in discharge (~60 cm s−1

flow velocity in our studied streams), causing biofilm drag and slough.
Inputs of P in ultraoligotrophic environments, such as Patagonian

Andean catchments, may lead to changes in the assemblage/composi-
tion of the primary producers. Modenutti et al. (2013) found that in
deep lakes, the immediate effect of pyroclastic inputs was a change in
Table 3
Results of algal and bacterial abundance and one-way RM-ANOVA of biofilm of stream water i

Time October 2014 March 2015

Impact A U A U

Algal cell number
(105cell cm−2)

4.3 ± 0.17 6.6 ± 0.02 2.5 ± 0.2 105 1.2 ± 0
4.7 ± 0.03 3.1 ± 0.09 4.1 ± 2.2 105 2.6 ± 0

Bacterial cell number (106cell cm−2) 2.6 ± 0.14 3.3 ± 0.19 13.9 ± 1.0 20.0 ±
5.6 ± 0.44 4.4 ± 0.28 14.0 ± 1.1 17.6 ±
the phytoplankton biomass and composition from a community domi-
nated by the nanoflagellate Crysochromulina parva (Haptophyceae) to
a dominance of Cryptophyceae (in particular Plageoselmis lacustris)
and diatoms (particularly Tabellaria flocculosa and Aulacoseira
granulata).

The algal composition of the biofilm in the study area (pre-eruption
condition) was highly dominated by diatoms (Díaz-Villanueva and
Albariño, 1999; Díaz-Villanueva and Modenutti, 2004; Gaglioti, 1992).
Immediately after the eruption, streams were severely affected by ash
accumulation, turbidity increase and changes in the riparian zone
(Lallement et al., 2016). Four years after the eruption, differences in bio-
film autotroph dominance between affected and unaffected streams
were observed. Cyanobacteria increased their abundances in the A-
streams suggesting that the increase in P may positively affect this
group. On the contrary, U-streams retained a diatom dominant biofilm.

The ability of Cyanobacteria to fix atmospheric N2 favours them
when N is limiting (Marcarelli and Wurtsbaugh, 2006), in particular
when N:P ratios are below 16 (Ahn et al., 2002; Biggs and Smith,
2002; Levine and Schindler, 1999; Smith and Kalff, 1983; Stancheva
et al., 2013). When environmental conditions are favourable, cells can
rapidly multiply, forming benthic blooms (Fristachi et al., 2008). This
pattern was observed in A-streams, where macroscopic Nostoc colonies
dominated the biofilm. Although no molecular identification was car-
ried out for cyanobacteria in these streams, the presence of Nostoc was
confirmed by Illumina MiSeq platform associated with pyroclastic
n affected (A) and unaffected (U) streams during the study period.

April 2015 Statistics

A U Impact Time Impact ×
Time

F P F P F P

.5 1.1 ± 0.7 105 8.2 ± 2.2 28.8 b0.01⁎ 153.4 b0.01⁎ 34.7 b0.01⁎

.7 1.9 ± 1.2105 3.2 ± 0.5
1.7 36.8 ± 4.3 27.3 ± 1.6 0.1 0.74 14.4 0.015⁎ 1.2 0.38
1.2 22.1 ± 1.6 16.1 ± 0.6



Fig. 6. Biovolume of Cyanobacteria (black bars), Bacillariophyta (light grey bars) and Chlorophyta (dark grey bars) in Affected streams (A1 and A2) and Unaffected streams (U1 and U2)
and N:P atomic ratio for each stream on each sampling date (October 2014, March 2015 and April 2015).
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inputs from the same volcanic event (Modenutti et al., 2016). In Nostoc
colonies, extracellular polysaccharides were found to account for N60%
of dry weight of the matrix (Hill et al., 1997). The capacity of Nostoc to
generate a thick layer of polysaccharide matrix is a possible explanation
for the high C content in biofilm from A-streams, resulting in lower au-
totrophic index (Chl-a:AFDM) than in U-streams. These modifications
in community composition lead to changes in the stoichiometry of the
assemblage. The lowest C:N ratio of biofilm in A-streams could be asso-
ciated with the ability of Cyanobacteria to fix atmospheric N2.

In environments with high TSS, particle deposition in the biofilm
matrix can have negative effects on biofilm biomass (Boulêtreau et al.,
2010). In these environments, the polymeric matrix results in an adap-
tive response that can protect biofilm from erosion (Flemming and
Wingender, 2010). Filamentous Cyanobacteria, for example, have the
capacity to build structures which enable them to colonize highly erod-
ible substrates (Garcia-Pichel and Wojciechowski, 2009; Vignaga et al.,
2013). The presence of Nostoc in streams affected by volcanic ash was
previously observed by Cushing and Smith (1982) after the 1980
Mount St. Helens eruption. The high capacity of Nostoc to produce mas-
sive polysaccharide structures forming macroscopic colonies men-
tioned above may confer on this genus a great advantage in post-
eruptive environments. Therefore, it is possible that both nutrient con-
ditions and a harmful environment (high TSS) could have acted simul-
taneously, favouring the bloom of Nostoc in the A-streams. As benthic
cyanobacteria have received less attention than their planktonic fresh-
water counterparts (Fetscher et al., 2015; Quiblier et al., 2013), little is
known about the physicochemical variables promoting their prolifera-
tion in rivers (Wood et al., 2017). The absence of Nostoc colonies in U-
streams, despite N:P ratios below 16, may be related to the low P con-
centrations in these streams, as nitrogenase activity needs P concentra-
tions N8 μg P L−1 (Stewart et al., 1970).

5. Conclusions

Weconclude that volcanic deposits that persist in the catchments for
several years after the volcanic event represent a source of solids (ashes
and pumice) and P for the streams. These inputs affect the biofilm com-
munities: the autotroph assemblage composition, the elemental ratios
and the enzymatic responses. Since biofilm communities in low order
streams are important for nutrient and carbon cycling, a change in bio-
film metabolism is expected to affect nutrient stream cycles which
would be transported downstream. We also observed a change in the
autotroph dominance with Cyanobacteria in the affected streams.
These types of events should be seen as opportunities to gather valuable
ecological information about how severe disturbances, like volcanic
eruptions, shape landscapes and lotic systems for several years after
the event.
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