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SUMMARY

1. Climate change is altering temperatures and precipitation patterns all over the world. Melting gla-

ciers increase surface run-off, thereby increasing the transport of suspended solids through streams.

The increased load of suspended solids affects turbidity, which decreases the availability of photo-

synthetically active radiation for primary producers.

2. We analysed how glacial loading of clays influences the light : nutrient ratio and photosynthetic

parameters (measured with a pulse amplitude modulated fluorometer) and the carbon : phosphorus

(C : P) elemental ratio of periphytic primary producers. A field study was conducted in two canopy-

free streams that receive water from the glaciers of Mount Tronador (Patagonia, Argentina), one with

high glacial load and the other with clear water. In addition, we conducted an in situ colonisation

experiment with three different light treatments.

3. We observed that periphytic biomass (chlorophyll a and carbon content) in the streams and in the

experiment varied directly with turbidity. Moreover, photosynthetic parameters varied similarly

because of an increase in the efficiency of electron transfer per open reactive centre in the more

turbid stream and a chronic photoinhibition of photosystem II in the clearer stream.

4. Periphytic C : P also varied with turbidity as we observed a decrease in C : P with an increase in

light in both streams and in the experiment.

5. Our main conclusion is that an increase in glacial melting with its associated increase in glacial

clay load should protect primary producers against high irradiances (photosynthetic active radia-

tion + ultraviolet radiation) in canopy-free streams.
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Introduction

Increased losses in glacier volume due to ice ablation

and negative mass balances have affected the global

freshwater cycle (Dyurgerov, 2003), with increased air

temperature being the major force in glacier change

(Wolfe & Lind, 2008). Because glaciers around the globe

are melting rapidly (Masiokas et al., 2008), thereby

increasing meltwater flux, new questions regard-

ing downstream ecosystems are becoming increasingly

important. The meltwater carried by rivers contains

large amounts of suspended sediment particles (mainly

inorganic clay) that may influence physical, chemical

and biological conditions (Lind, Chrzanowski &

D�avalos-Lind, 1997; Uehlinger et al., 2010). This increase

in glacial clay causes an increase in total suspended sol-

ids that reduces light availability (Modenutti et al.,

2000), which in turn affects the distribution of primary

producers and herbivores (Hylander et al., 2011; Las-

poumaderes et al., 2013; Modenutti et al., 2013). In addi-

tion, the amounts of particles vary seasonally and within

and among systems (Eisma, 1993; Wood & Armitage,

1997), influencing patterns of photosynthetic fixation of

energy by primary producers (Kirk, 1994). In rivers,

much of this productivity is associated with stream

periphyton (i.e. the attached benthic community that
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consists mainly of algae and bacteria) (Dodds et al.,

1996). Thus, periphytic phototrophs can be expected to

be affected by the decrease in light availability.

Photosynthesis involves numerous biochemical and

developmental responses to light that help to optimise

photosynthesis and growth (Falkowski & Raven, 2007),

including adjustments in absorption cross sections of the

antenna systems and changes to the number of reaction

centres (Long, Humphries & Falkowski, 1994). In addi-

tion, stream periphyton responds very quickly to pulses

or constant fluxes of limiting nutrients (i.e. phosphorus)

(Davies & Bothwell, 2012). The links between light and

phosphorus as two key resources for primary producers

are highlighted in the ‘light : nutrient hypothesis’

(Sterner et al., 1997). This hypothesis predicts that under

high-light intensities and low levels of inorganic phos-

phorus, nutrient limitation of producers becomes more

severe, resulting in a biomass with a disproportionate

accumulation of carbon (C) relative to phosphorus (P).

Light attenuation by glacial clays is of great ecological

importance because reduced light penetration directly

affects the photosynthetic process in primary producers

(Kirk, 1994). Consequently, changes in light conditions

can be expected to be reflected by changes in C fixation

and the C : P ratio. Primary producers are characterised

by variable nutrient contents that result in a plastic bal-

ance in the C : nutrient ratio because their elemental

composition may reflect their underlying biochemical

allocations and ecological strategies (Cross et al., 2005;

Elser et al., 2010; Wang, Sterner & Elser, 2012). Thus, it

can be expected that in canopy-free streams under low-

clay inputs and high irradiance, the C : nutrient ratio

will increase, whereas the ratio should decrease as the

clay input increases.

Photosystem II (PSII) is a protein complex in the light-

dependent reactions of oxygenic photosynthesis and is

susceptible to strong light. The effects of strong light

are referred to as photodamage or photoinhibition

(Allakhverdiev et al., 2005). In particular, the extent of

photoinhibition represents a balance between rates of

photodamage and the repair of PSII, wherein the latter

electron transport (ETR) and ATP synthesis are two

important related processes (Murata et al., 2007;

Takahashi & Badger, 2011). It has been proposed that

most environmental stresses inactivate PSII by inhibiting

the mechanisms for repairing photodamage rather than

by directly attacking it (Murata et al., 2007). An excess of

light would produce an inhibition of the activity of PSII

that, in turn, causes a decrease in the overall number of

functional reaction centres, thereby contributing to a

decrease in the maximum photochemical efficiency of

PSII (Maxwell & Johnson, 2000). Therefore, one of the

most important issues for primary producers is the bal-

ance between C fixation and photoinhibition. In this

sense, migration to deeper levels is a suitable strategy

for motile phytoplanktonic cells (Callieri et al., 2007;

Ross & Sharples, 2008); however, periphytic primary

producers cannot migrate deeper into the water column.

In addition, the complexity of the periphytic matrix itself

means that light exposure differs at different levels in

the substrata (Steinman, 1992). Accordingly, these com-

munities should be dominated by periphytic growth

forms that balance the utilisation of light. Consequently,

the final stoichiometric composition of periphyton can

be expected to result from light and nutrient availability

(Hill & Fanta, 2008) and to be related to periphyton

diversity and species composition (Dickman, Vanni &

Horgan, 2006).

The Patagonian Andes is the largest glaciered area in

South America, and in this region, the 0 °C isotherm has

moved up 400 m (2300–2700 m) in the last 54 years

(Carrasco, Osorio & Casassa, 2008). Thus, glaciers have

shown a continuous and maintained recession (Masiokas

et al., 2010) towards the altitude where accumulation

and melting rates are equal (Schaefer et al., 2013). In par-

ticular, glaciers of Tronador Mountain (3554 m.a.s.l.)

have receded over the last 30 years (Masiokas et al.,

2008), causing an increased input of glacial clay during

the warmer months of the year (Iriondo, 1974). Because

of the clay load, the streams that drain these glaciers are

classified as ‘white-waters’ (Chillrud et al., 1994). We

took advantage of this natural scenario of turbid and

clear canopy-free streams, performing a field and experi-

mental study to test the hypothesis that glacial melting

would change the light : nutrient ratio for periphytic

producers. This outcome would result as a consequence

of changes in periphytic photosynthetic parameters due

to differences in light, because glacial clay would protect

against photoinhibition. Thus, C fixation would be modi-

fied as a consequence of climate change that is driving

glacier melting that, in turn, would result in differences

in the primary producers’ stoichiometries.

Methods

Study site

Mount Tronador is the highest mountain in Nahuel

Huapi National Park and straddles the border between

Chile and Argentina in northern Patagonia (Fig. 1). The

dominant bedrock includes volcanic (basalts), granites,

and pyritised, silicic metamorphic rocks (Chillrud et al.,
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1994). The upper part of the mountain is covered by a

continuous ice cap and has 11 outlet glaciers with a total

glacier area of approximately 64 km2 (Masiokas et al.,

2010). The glacier that drains into Argentina’s Manso

River valley flows down the south-eastern flanks of

Mount Tronador and several hundred metres below is

separated from the ice cap by a steep cliff. This second-

ary glacier is fed by snow, ice and debris avalanches

from the steep slopes above, and due to the thick debris

layer that covers large portions of the ice, it is locally

known as Ventisquero Negro (the Black Glacier) (Worni

et al., 2012). The rapid thinning and recession of the gla-

cial tongue in recent years have resulted in the forma-

tion of a large, rapidly growing proglacial lake between

the glacier margin and the main moraine ridges

(Masiokas et al., 2010). Negro stream, which is character-

ised by high turbidity due to large discharges of glacial

clay, begins at this glacial lake. Blanco stream runs

parallel to Negro stream, both being located in the same

canopy-free flood plain at 920 m.a.s.l. (Fig. 1a). Blanco

stream originates from the Blanco glacier, which is

characterised by a low amount of suspended solids (i.e.

glacial clays) and therefore has high transparency. The

Negro (turbid) and Blanco (clear) streams join to form

the Superior Manso River (Fig. 1b).

Periphyton sampling

We sampled the Negro and Blanco streams during the

early autumn, spring and summer of 2012–2013 on six

sampling occasions. Each stream was sampled at one

sampling point located 500 m upstream from the

junction (Fig. 1a). On two occasions, the streams were

sampled at another sampling point 2 m upstream from

the junction. We measured turbidity (nephelometric tur-

bidity units: NTU) using a portable turbidity meter (Lu-

tron TU-2016, Taipei, Taiwan) and temperature,

conductivity and dissolved oxygen with an oxymeter–

conductimeter (YSI 85, OH, U.S.A.). In addition, we col-

lected 2 L samples of stream water in acid-washed plas-

tic containers that were transported to the laboratory in

thermally insulated containers. For the periphyton

study, following Hauer & Lamberti (2007), three stones

were randomly selected at each sampling point from a

6-m section of the main channel. On each stone surface,

we determined the in situ periphytic photosynthetic

parameters (qP, Y, NPQ, Y/qP and ETR, see below pho-

tosynthetic fluorescence parameters) with a WATER-

PAM equipped with a Water-EDF fibre optic unit and

WinControl software (Heinz Walz GmbH, Effeltrich,

Germany). After being measured, each stone was indi-

vidually stored in a plastic bag and immediately carried

to the laboratory under dark conditions in thermally

insulated containers.

Photosynthetic fluorescence parameters

The photosynthetic parameters were measured with a

PAM fluorometer to provide information about the oper-

ating conditions of PSII (Fig. 2). A PAM fluorometer typ-

ically consists of four light sources that provide

quantitatively different radiation, inducing changes in a

redox state of components of the electron transport

chain and causing chlorophyll fluorescence. We per-
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Fig. 1 (a) Location of sampling points in

the Negro and Blanco streams. (b) Photo-

graph of the junction of the two streams.

(c) Experimental design.
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formed two types of measurements on each stone:

saturating actinic light (SAL), three times per stone, and

rapid light curve (LC), one time per stone. SAL is a light

pulse of 1004 lmol photons m�2 s�1, and LC measure-

ments were obtained by exposing the samples to blue

radiation at nine incremental steps of irradiance ranging

from 0 to 1403 lmol photons m�2 s�1 in 10-s intervals.

The measurement is initiated by switching on the mea-

suring light, obtaining F0 (ground state, Fig. 2), which is

the level of fluorescence of the antenna pigment (Chloro-

phyll a, Chl-a) when all reactive centres of PSII are open.

A saturating flash of light is then applied, allowing the

measurement of Fm. The steady-state value of fluores-

cence immediately prior to the flash is termed Ft. After a

period of time, another saturating light flash allows

recording of the initial minimum fluorescence (F00) and

maximal fluorescence (F0m) in the light (Maxwell &

Johnson, 2000). These fluorescence values were used to

determine the photosynthetic parameters: the effective

quantum yield (Y = (F0m–Ft\F0m) = (ΔF\F0m)) of PSII, the
electron transport rate (ETR = lmol electrons m�2 s�1),

the photochemical quenching (qP = (F0m–Ft\F0m–F00)) and
the non-photochemical quenching (NPQ = Fm–F

0
m\F

0
m)

(Roh�acek, Soukupov�a & Bartak, 2008).

Under high-light exposure, it is expected that qP (the

proportion of open reaction centres of PSII) will be

lower than under shaded conditions (Fig. 2). In addition,

under high-light conditions, the effective quantum yield

(Y) will reflect a decrease due to photoinhibition/photo-

damage, as well as a decrease in the electron transport

rate (ETR) (Murata et al., 2007). Therefore, the Y/qP

ratio (i.e. the photosynthetic efficiency per open reactive

centre) will show a low value because a high proportion

of energy will not be used by PSII. However, the NPQ

response is dependent on the light history of the organ-

ism (M€uller, Xiao-Ping & Niyogi, 2001) because high

light generates reactive oxygen species (ROS) that inhibit

the repair of PSII by suppressing the synthesis of pro-

teins (Murata et al., 2007).

Laboratory procedures

In the laboratory, periphyton was obtained by scraping

individual stones with a brush and rinsing them carefully

with distilled water. The final volume obtained was taken

to a constant volume (100 mL) and expressed in relation

to 2/3 of the total area of the stone (cm2) (Biggs & Close,

1989), which was estimated from the lengths of the three

main axes (Graham, McCaughan & McKee, 1987). The

obtained volume was designated for the estimation of

chlorophyll a (Chl-a), C and P concentrations, and algal

composition. For Chl-a concentration determination, a

1-mL aliquot of the periphyton suspension was filtered

through glass fibre filters (GF/F; WhatmanTM, Maidstone,

U.K.). Chl-a was extracted in hot ethanol following filtra-

tion (Nusch, 1980) and was measured with a 10-AU fluo-

rometer (Turner Designs, Sunnyvale, CA, U.S.A.) with

previous calibration against spectrophotometric measure-

ments. Another 5 mL of the suspension was filtered on

ashed GF/F filters, dried at 60 °C for 48 h and analysed

for organic particulate C using a Thermo Finnigan EA

1112 CN elemental analyser (Thermo Scientific, Milano,

Italy). The periphyton P concentration was determined by

filtering another 5 mL of the suspension onto acid-

washed (10% HCl) and ashed GF/F filters and drying

them at 60 °C for 48 h. The filters were combusted at

550 °C for 1 h, ashes were then placed in flasks, and P

concentrations were analysed with the ascorbate-reduced

molybdenum method (Eaton et al., 2005). Periphyton

Chl-a, C and P concentrations are reported as mg m�2,

with each parameter being estimated in three replicates

(three stones). A volume of 20 mL of the periphyton sus-

pension was fixed with acid Lugol’s solution for examina-

tion of the attached algae.

A volume of 250 mL of stream water from each river

for each date was filtered through ashed GF/F filters

and analysed for particulate C and N. Total dissolved

phosphorus (TDP) and dissolved organic carbon (DOC)

were determined for the filtered stream water. DOC was

measured with a carbon analyser (Shimadzu TOC

VCSH; Shimadzu, Kyoto, Japan). The samples for

TDP measurements were digested with potassium

ANTENNA PIGMENT (Chl- )a

PS IIPS IIPhotochemical
Y = F/F'm

Heat (NPQ)Fluorescence

Electron
transfer
(ETR)

Proportion of open reactive centres (qP)

Ground
State

Excited
State

LIGHT

Re-Excited
State

Ft

F'0
F'm

Fm

F0Chl-a

Chl-a
*

Chl-a
+

Fig. 2 Simplified three-level scheme of the redistribution of excita-

tion energy of light (heat, photochemical and fluorescence)

absorbed by the reaction centre of the light harvesting antenna of

PSII. Energy diagram shows the ground state (Chl-a), the excited

state (Chl–a*) and the re-excited state (Chl-a+), and its fluorescence

parameters. See text for further explanation.
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persulphate at 125 °C at 1.5 atm for 1 h, and the concen-

trations were analysed using the ascorbate-reduced

molybdenum method (Eaton et al., 2005). Total nitrogen

was estimated following Valderrama (1981). Total sus-

pended solids (TSS) were quantified by filtering 250 mL

of stream water through pre-weighed GF/F filters,

which were dried for at least 48 h at 60 °C and then

reweighed.

Light measurements

Light absorption by suspended clay was measured in

two ways. First, we measured light absorption directly

with a PUV500B submersible radiometer (Biospherical

Instruments, San Diego, CA, U.S.A.) at selected points in

the Negro and Blanco streams. We also measured ambi-

ent light beside the streams. In addition, unfiltered

stream water was scanned with a double beam spectro-

photometer (Shimadzu UV 2450, Kyoto, Japan) from 250

to 700 nm; (Merck Millipore, Darmstadt, Alemania)

water was used as the blank. The mean absorbance, A,

was transformed into a, expressed as m�1, using

a ¼ ln ð10AÞ=L;
where L is cuvette length (Morris et al., 1995).

The light attenuation coefficient (Kd) was estimated

from the direct light measurements and spectrophoto-

metric scans. The incident light in each sample (Iz),

adjusted for turbidity level (spectrophotometric scans of

unfiltered water), was calculated from the light attenua-

tion coefficient following Lambert–Beer equation, Iz = 1

e(�Kz) (Kirk, 1994), where z is the depth at which

the periphyton occurred. Light measurements were

expressed as available photosynthetic active radiation

(PAR) at stream bottom in lmol photons m�2 s�1.

Field experiment

The effects of a light gradient on primary producers

were studied in an in situ experiment in the Blanco

stream over 2 weeks in the summer (January 2012). We

established three different light conditions (full: 100%,

medium: 37% and low: 14% of solar radiation). Light

quantity was manipulated by reducing irradiance with

increasing layers of shade screens to achieve the three

levels of incident irradiance: 100% no screen, 37% one

mesh, 14% two meshes (Fig. 1c). These meshes were

placed 15 cm above the stream surface and were fixed

with metal pegs 1 m from the stream margin. Artificial

substrata (12 ceramic tiles, 6 9 6 cm) were placed under

each treatment 15 cm from the stream bed (to avoid

herbivores) and 15 cm below the stream surface. The

experiment was run in four replicates per treatment, and

during the experiment, temperatures and stream water

levels were monitored with a data logger (U20 HOBO;

Onset, Bourne, MA, U.S.A.).

After 2 weeks of exposure to different light condi-

tions, photosynthetic parameters were estimated in situ

(qP, Y, NPQ, Y/qP and ETR) for each tile with a

WATER-PAM equipped with a Water-EDF fibre optic

unit. Next, we sampled each tile individually in a plastic

container and immediately transported it to the labora-

tory under dark conditions in thermally insulated con-

tainers. In the laboratory, substrata were scraped as

previously explained for the natural stones, and the

same parameters were estimated.

During this period, the sky was generally cloudless,

with maximum daily incident irradiance for PAR of

2784.9 lmol photons m�2 s�1. Maximum incident inten-

sities for ultraviolet radiation (UVR) at 320 and 340 nm

were 44.8 and 78.1 lW cm�2 nm�1, respectively. All

light intensities were measured with a PUV500B radiom-

eter.

Algal analysis

The attached algae were identified, counted and mea-

sured with direct microscopy using 0.0088-mL chambers.

Cell dimensions were measured and processed with an

image analysis system (Image ProPlus; Media Cybernet-

ics, Warrendale, PA, U.S.A.), and cell volume was esti-

mated by applying average dimensions of a minimum

of 20 cells per species per sample to the geometric shape

best approximating the cell shape of each species (Sun &

Liu, 2003). Filamentous chrysophyte (i.e. Hydrurus foeti-

dus) biovolume was based on measurements of individ-

ual cells and did not include the mucilaginous envelope.

Diatom identification was performed on permanent

slides with clean diatom valves mounted on glass slides

using NaphraxTM resin.

Statistical analysis and calculations

All data were analysed with Sigma Plot.12 (Systat Soft-

ware Inc., San Jose, CA, U.S.A.). Depending on sample

distribution and variances, we conducted paired-sample

t-tests (normality of differences and equality of vari-

ances) or Wilcoxon’s tests (no normality and/or no

equality of variances) to detect effects of turbidity on

various physicochemical and photosynthetic parameters.

To compare the experimental results, we performed one-

way ANOVA or Kruskal–Wallis one-way analysis. The
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relationships among TSS (mg L�1), turbidity (NTU),

irradiance at stream bottom (lmol m�2 s�1), Chl-a

(mg m�2), C : Chl-a (g g�1), C : P (atomic) and photo-

synthetic parameters (qP, Y, NPQ, Y/qP and ETR) were

explored using Pearson’s correlations and Spearman’s

rank correlations; when we found significant relation-

ships, we performed linear regressions. When data fol-

lowed a nonlinear regression, we used dynamic fitting.

Results

The streams

We found significant differences between Negro (turbid

waters) and Blanco (clear waters) streams, especially in

TSS content (Paired t-test; d.f. = 7, P = 0.004). The TSS

concentration in the Negro stream was sixteen-fold

that of the Blanco stream (50.2 � 35.1 mg L�1 and

2.8 � 4.0 mg L�1, respectively). We found no difference

in TSS concentration between upper and lower sampling

points in either stream. Therefore, we pooled all of the

data to analyse the turbidity (NTU)–TSS concentration

relationship, obtaining a significant positive regression

(Fig. 3a). Spectrophotometric scans of unfiltered water

showed that clay did not increase the absorption of any

specific wavelength and the whole 250–700 nm spectrum

was equally reduced by the presence of clay particles.

Consequently, UVR varied according to changes in PAR

(linear regression r2 = 0.94, d.f. = 7, P < 0.001). Accord-

ingly, light availability for periphyton growth was sig-

nificantly lower in Negro Stream due to the high

concentration of suspended clay (Table 1). In addition,

we observed changes in turbidity with sampling dates,

especially in January (mid-summer) in Negro Stream,

while Blanco Stream exhibited a more narrow range

(Fig. 3). In contrast to the observed light conditions,

TDP concentrations were similar with no significant dif-

ferences between streams (Table 1). Accordingly, the

TN : TP atomic ratio showed no differences between

streams (Negro: 38.4 � 20.5; Blanco: 34.5 � 12.4). DOC

concentrations were also very low, with no signi-

ficant differences between the streams (Negro:

0.7 � 0.1 mg L�1; Blanco: 0.4 � 0.2 mg L�1).

Periphyton biomass and elemental ratios

Periphyton biomass (as periphytic C and Chl-a mg m�2)

varied with sampling period (Fig. 4a); however, there

were significant differences between the Negro and

Blanco streams. We found a higher Chl-a concentration

in Negro Stream than in Blanco Stream (12.1 � 9.3 and

0.6 � 0.5 mg m�2, respectively, paired t-test, d.f. = 7,

P = 0.005), showing a direct relationship with turbidity

(Fig. 4b). Periphyton carbon concentration was twofold,

significantly higher in Negro than in Blanco Stream

(655.3 � 381.2 and 281.4 � 197.4 mg m�2, respectively,

paired t-test, d.f. = 7, P = 0.028). The C : Chl-a ratio

(g g�1) also responded to light conditions, showing an

exponential increment as light increased (Fig. 5a). How-

ever, differences in periphyton P concentrations were

not significant between streams (Table 1). The C : P ratio

was significantly higher in Negro Stream (Table 1, Wil-

coxon, n = 8, P = 0.008). Furthermore, we observed that

the C : P ratio–light relationship fitted an exponential

decay curve (Fig. 5b).

Photosynthetic parameters

Photosynthetic parameters (Fig. 6a) were estimated

using the mean of the PAM measurements of the actinic

(a) (b)

Fig. 3 (a) Relationship between total sus-

pended solid (TSS) and turbidity

(r2 = 0.99, d.f. = 15, P < 0.001). (b) TSS

concentration during the sampling

period.
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light pulse for each sampling date in the two streams.

Photosynthetic parameters were related to light condi-

tion (turbidity) because photosynthetic efficiency per

open reactive centre of the PSII (Y/qP) increased as light

availability decreased (Fig. 7a). Therefore, photosynthe-

sis was affected by turbidity. The efficiency of light used

in the photochemical system (Y = DF/F0m) was signifi-

cantly higher in Negro Stream than in Blanco Stream

(Paired t-test, d.f. = 6, P = 0.008) as well as the efficiency

per open reactive centre (Y/qP, Paired t-test, d.f. = 6,

P < 0.001).

We observed a decrease in NPQ during times of

increased light, as shown by an exponential decay curve

with increasing light (Fig. 7b). The NPQ was 10.5-fold

higher in Negro Stream (Paired t-test, d.f. = 6, P < 0.001)

although Blanco Stream had saturated light conditions.

In the obtained light curves, we also observed

differences between the streams in the ETR and the

NPQ parameters (Fig. 8). In particular, in Blanco Stream,

we found a lower thermal dissipation response (Fig. 8a)

and a lower electronic transfer (ETR, Fig. 8b).

Experimental study

During the 2 weeks of experimentation, temperature

varied over a narrow range between 9.3 and 12.1 °C

(HOBO data logger), TN : TP was 32.4 � 10.2

and P concentration remained almost invariable

(TDP = 14.7 � 1.5 lg L�1). Thus, the main variable in

the experiment was light treatment.

In the experimental tiles, periphyton Chl-a and C con-

centrations as well as photosynthetic parameters were

related to the experimental light conditions (Fig. 6b).

At the end of the experiment, there were differences

Table 1 Light and nutrient parameters of the Blanco and Negro streams measured on eight dates in the sampling period; additionally, in

February and March, we sampled at the junction. The daily dose irradiances were calculated by integrating for the whole day. Light refers

to available PAR at stream bottom

Daily dose irradiance

Light (lmol

m�2 s�1) TDP (lg L�1)

Periphytic P

(mg m�2) C : P (Atomic)

PAR (mol m�2) UV-320 (kJ m�2 nm�1) Blanco Negro Blanco Negro Blanco Negro Blanco Negro

12-April 37.6 3.9 2115 1220 19.1 23.9 4.2 8.9 95.6 155.1

12-December 66.5 8.8 2006 885 21.5 29.7 2.0 4.8 134.4 162.4

13-January 60.2 7.0 1420 131 26.0 24.0 5.7 2.6 101.7 778.9

13-February 57.5 6.3 1859 518 6.4 11.8 5.1 9.3 125.6 228.1

1982 392 5.4 6.4 2.4 6.0 113.9 315.9

13-March 42.9 4.5 1808 969 16.5 18.4 4.8 3.2 157.3 217.4

2147 959 16.1 16.1 3.6 2.9 165.7 218.3

13-November 51.8 5.8 1894 1152 21.0 22.6 4.2 11.0 146.9 202.3

Mean 51.5 5.9 1903 778 16.5 19.1 4.0 6.1 130.1 284.8

Test Paired t-test Paired t-test Paired t-test Wilcoxon

P-value P < 0.001 P = 0.061 P = 0.141 P = 0.008

TDP, Total dissolved phosphorus.

(a) (b)

Fig. 4 (a) Periphytic chlorophyll a during

the sampling period and (b) relationship

between turbidity and chlorophyll a

(r2 = 0.91, d.f. = 15, P < 0.001).
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(one-way ANOVA, F2,9 = 16.4, P < 0.001) in Chl-a

concentration (14% light treatment = 2.8 � 0.3,

37% = 1.6 � 0.3, and 100% = 1.6 � 0.3 mg m�2) that

were significant between 14% and the others two treat-

ment (100% and 37%, a posteriori Tukey’s test, P = 0.002).

We also found significant differences in C concentration

among treatments (one-way ANOVA, F2,8 = 33.8,

P < 0.001): 14% = 303.4 � 34.2 mg C m�2,

37% = 206.3 � 18.2 mg C m�2 and 100% of incident

light = 140.3 � 25.6 mg C m�2 (a posteriori Tukey’s test,

between all pairs P < 0.05). The C : Chl-a ratio exhibited

significant differences (one-way ANOVA, F2,8 = 31.1,

P < 0.001) between the 14% versus the 37% and between

the 14% versus the 100% treatments (a posteriori Tukey’s

test, between all pairs P < 0.001), with the ratio being

higher in the treatment of 100% of incident light, fitting

the same exponential curve as the field data (Fig. 5a, see

triangles). The periphyton P concentration did not vary

among treatments (one-way ANOVA, F2,9 = 1.1,

P = 0.4). However, because of the change in periphyton

C concentration, we observed significant differences in

the C : P ratio (one-way ANOVA, F2,8 = 24.6, P < 0.001,

see triangles in Fig. 5b). The full light treatment

(100%) differed from the two reduced light treatments

(100% versus 14% a posteriori Tukey’s test, P < 0.001;

and 100% versus 37% a posteriori Tukey’s test,

P = 0.006), whereas there was no significant difference

between the 14% and 37% treatments (a posteriori

Tukey’s test, P = 0.06).

We observed higher photosynthetic efficiency (Y = DF/
F0m) in the 14% treatment (Fig. 6B, one-way ANOVA,

F2,9 = 41.5, P < 0.001) and significant differences between

the 14% versus the 100% and the 14% versus the 37%

treatments (a posteriori Tukey’s test, P < 0.001). The 100%

(a)

(b)

Fig. 5 Relationships between available light and (a) periphytic

C : Chl-a ratio (r2 = 0.83, d.f. = 18, P < 0.0001) and (b) periphytic

C : P ratio (r2 = 0.90, d.f. = 18, P < 0.0001).

(a)

(b)

Fig. 6 (a) Photosynthetic parameters (effective quantum yield:

Y = DF/F0m, non-photochemical quenching: NPQ, and efficiency of

open reactive centre: Y/qP) in the two streams (open circles:

Blanco, filled circles: Negro). (b) Photosynthetic parameters in the

experimental treatments (open triangles 100% of incident light, grey

triangles 37% of incident light and black triangles 14% of incident

light). Data are given as means and standard errors.
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and the 37% light treatments did not show significant dif-

ferences (a posteriori Tukey’s test, P = 0.2). A higher effi-

ciency per reactive centre (Y/qP) was also found in the

14% treatment (Fig. 6B, one-way ANOVA, F2,8 = 14.4,

P = 0.002), the 14% versus the 100% and the 14% versus

the 37% treatments (a posteriori Tukey’s test, P < 0.01).

Heat dissipation (NPQ) was higher in the 14% light treat-

ment (one-way ANOVA, F2,8 = 7.07, P = 0.02, a posteriori

Tukey’s test, 14% versus 100% P = 0.01).

Attached algal assemblages

Diatoms, chlorophytes and cyanobacteria were the pri-

mary constituents of the periphyton in both streams. In

the natural substrata of Blanco Stream, the community

was a cohesive thin layer dominated by prostrate dia-

toms, with Gomphonema intricatum and Hannaea sp.

accounting for more than 80% of the biomass through-

out the study. On the contrary, filamentous green algae

(Ulothrix sp.) occurred on the stones of Negro Stream

and in early autumn the chrysophyte Hydrurus foetidus

(Villars) was most prevalent, forming an algal mat (90%

of the total biomass). Within this matrix, diatoms such

as Diatoma sp. and G. intricatum were observed. Cyano-

bacteria were present in both streams but with low con-

tributions to total biomass. Periphyton abundance

averaged 6.4 9 104 � 5.68 9 104 cell cm�2 in Blanco

Stream, whereas periphyton in Negro Stream were more

abundant (1.4 9 105 � 7.3 9 104 cell cm�2).

Ulothrix increased with turbidity (Spearman’s q = 0.8,

d.f. = 10, P = 0.009) while Gomphonema decreased (Spear-

man’s q = �0.8, d.f. = 10, P = 0.005). This change in

periphyton species abundance was evident during the

summer (January) chlorophyll increase in Blanco Stream,

when turbidity increased from 2 to 18 NTU. Over the

same period, Negro Stream turbidity increased from 54 to

180 NTU, but no significant changes in periphyton

species were registered. There were also differences in

species composition between experimental treatments.

While Ulothrix dominated in the 14% and 37% light treat-

ments, in the full light treatment, we found a thin layer

dominated by Hannaea sp. and G. intricatum.

Discussion

The periphytic primary producers were affected by

changes in light conditions due to glacial clay inputs,

with a light increase associated with a decrease in Chl-a.

Variation in glacial flour was the primary regulator of

variation in both PAR and UVR attenuation in these gla-

cially fed rivers, as we found that the relative contribu-

tions of DOC were negligible because of their very low

concentrations. The chlorophyll-light patterns were

(a)

(b)

Fig. 7 Relationships between available light and (a) the efficiency

per open reactive centre (Y/qP) (r2 = 0.54, d.f. = 16, P = 0.004) and

(b) heat dissipation (NPQ) (r2 = 0.79, d.f. = 13, P = 0.0002).

(a)

(b)

Fig. 8 Rapid light curves in the two streams (all sampling dates

were pooled, and values are given as means and standard errors).

(a) Non-photochemical quenching (NPQ). (b) Electron transfer rate

(ETR) in the PSII.
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observed in both streams (clear and turbid), as well as

in the experiment in which only light conditions were

manipulated. An increase in Chl-a content in the pri-

mary producers leads to an increase in photosynthetic

efficiency due to low photon availability (Hill, Fanta &

Roberts, 2009). As a consequence of low-light availabil-

ity, autotrophs usually increase chlorophyll (increased

antenna size) and increase the PSII reaction centres to

enhance light capture and energy transfer (Schansker

et al., 2011) or increase the synthesis of membrane-rich

chloroplasts (Horton et al., 2008). Indeed, we found less

Chl-a in Blanco Stream than in Negro Stream, but more

important was the increase in the C : Chl-a ratio, which

reflects a decrease in Chl-a per biomass unit in the high-

light exposed stream (19.5 times higher Chl-a content in

Negro than in Blanco Stream). Frost, Hillebrand &

Kahlert (2005) reported that more than 60% of samples

of periphyton had a C : Chl-a ratio above 200 and only

25% had a ratio in excess of 500. Our observed values

lay between these limits, in particular those from Blanco

Stream and from the full light treatment of the experi-

ment, while Negro Stream values remained below 200.

Our results showed an increase in the efficiency per

open reactive centre of PSII under high turbidity, dem-

onstrating that periphyton in Negro Stream had a higher

efficiency per open PSII reactive centre than the periphy-

ton in Blanco Stream (Fig. 5b). When light intensity

increases above 1000 lmol photons m�2 s�1 (Murata,

Allakhverdiev & Nishiyama, 2012), the rate of repair is

reduced, disrupting the photodamage/repair balance,

and thus the activity of PSII decreases (Nishiyama, All-

akhverdiev & Murata, 2011), as seen in our data. To pre-

vent this, non-photochemical quenching (NPQ)

dissipates the excess of captured light as heat (Horton

et al., 2008), particularly under moderate excess of light

when the accumulated damage in PSII reaction centres

is low. Long exposure to high irradiance may cause

chronic photoinhibition (H€ader et al., 2002) that is char-

acterised by a decrease in photosynthetic electron trans-

port (Critchley & Russell, 1994), due to the promotion of

non-assimilatory electron transport to dissipate excess

harvested light energy (Schansker et al., 2011; Takahashi

& Badger, 2011). This effect of long exposure to high

irradiance was evident in Blanco Stream (clear water),

where there was almost no dissipation of excess energy

through the NPQ and a significant decrease in ETR in

the rapid light curves. Therefore, NPQ protects PSII

against short-term high-light conditions (M€uller et al.,

2001; Nishiyama et al., 2011). In this sense, NPQ is a

photoprotective process that can prevent damage before

it occurs (Murchie & Niyogi, 2011).

Therefore, we were able to identify two different types

of photoinhibition: (i) preconditions of low-light availabil-

ity (Negro Stream) in which excessive excitation energy is

dissipated thermally (NPQ) with high-light harvesting by

the antenna, and (ii) preconditions of high-light availabil-

ity (Blanco Stream) caused a decrease in the photosyn-

thetic electron transport (ETR) but with low NPQ due to a

low-light harvesting by the antenna. Under high-light

conditions, electronic transfer (ETR) decreased signifi-

cantly to avoid overloading the system with excess pho-

tons, which could not be thermally dissipated (NPQ)

(H€ader et al., 2002; Schansker et al., 2011). In both cases,

the PAM pulse consisted of 1004 lmol photons m�2 s�1,

which represents a normal photon flux for Blanco Stream

(maximum irradiance at noon was 2000 lmol m�2 s�1),

but represents 50% more than maximum at noon of a

sunny day for Negro Stream (750 lmol m�2 s�1). This

means that the photosynthetic machinery of Blanco

Stream was prepared for high light and the antenna har-

vested a low proportion of light, with a low requirement

for dissipation and therefore a low NPQ. In contrast, with

low-light adaptation in Negro Stream, the antennae were

ready to capture a greater proportion of incident light and

the pulse resulted in a high dissipation with high NPQ.

Photosynthetic parameters (particularly: Y = DF/F0m
and NPQ) differed between the streams and among

experimental treatments in response to turbidity and

light intensities. Water turbidity not only reduces light

intensity in the PAR spectrum (400–700 nm) but also in

the UV range, and it has been shown that both the

quantum yield of PSII and C fixation of autotrophs

decline with an increase in UV radiation (Villafa~ne et al.,

1999; Modenutti et al., 2004; Leu et al., 2006). We also

found under high PAR + UVR intensities in Blanco

Stream, and in the full sunlight treatment, a reduction in

effective quantum yield (Y) followed by a decrease in

efficiency per reactive open centre in the PSII (Y/qP),

which decreased the number of absorbed photons.

It might be expected that clay load would affect periph-

yton negatively (Davies-Colley et al., 1992). However, we

observed that increases in clay input were related to a rise

in Chl-a content in both streams. Thus, if any negative

effect of clay abrasion exists, it can be considered negligi-

ble compared with the light effect of turbidity. According

to the light : nutrient hypothesis (Sterner et al., 1997) and

the studies that have reported that the balance between

light and nutrients determines algal nutrient content

(Fanta et al., 2010), we predicted that glacial clay inputs

would decrease the C : P ratioof periphyton. However,

we observed the opposite situation, a decrease in C : P

with an increase in light in both streams and in the experi-
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ment. This result may arise from the influence of solar

ultraviolet radiation (UVR) and the higher PAR that

reaches the periphyton. In canopy-free streams, such as

those in our study, full sunlight (PAR + UVR) reaches the

stream surface. On the contrary, in the indoor experiment

carried out by Fanta et al. (2010), periphyton was exposed

to artificial light (without UVR) in the lowest part of the

PAR light intensity range of our study. The UVR compo-

nent of sunlight negatively affects quantum yield and C

fixation and, consequently, reduces the C : P ratio of the

primary producers (Xenopoulos, Frost & Elser, 2002; Leu

et al., 2006). Although it has also been suggested that dis-

solved organic matter affects periphyton stoichiometry

more than UVR (Frost et al., 2007), the studied streams

have very low DOC concentrations (≤0.6 mg L�1), an

order of magnitude less than that in the Frost et al. (2007)

study. Patagonian systems receive high UVR due to the

Antarctic ozone hole (H€ader et al., 2007), and canopy-free

streams are particularly exposed because of their shallow

depth. In addition, in clear low-order streams with a very

low DOC concentration algae are more sensitive to UV

stress at low temperature and high PAR (Uehlinger et al.,

2010). Suspended clay in a turbid stream would protect

algae from photoinhibition as well as from UVR damage

to the PSII, as occurred in Negro Stream and in our exper-

iment with a neutral light screen (no UV differential

filter). Indeed, when clay concentration increased in

Blanco Stream in January, a consequent increase in

periphyton Chl-a and biomass was observed. The hazard-

ous effect of UVR has also been reported to depend on

the biomass of attached algae (McNamara & Hill, 2000)

and the vertical structure of periphyton (Hodoki & Oh-

bayashi, 2005). In this sense, a positive feedback might

have occurred in the turbid Negro Stream. The clay load

initially would have protected algae from sunlight

(including UV); therefore, algae developed into an algal

mat that, in turn, allowed new algae to grow, protected

by the change in periphyton vertical structure.

Glaciers respond rapidly to climate change, and gla-

cier dynamics directly affect the ecosystems that they

feed (Moore et al., 2009). Streams that receive meltwater

are particularly vulnerable to global change and associ-

ated stressors because they are relatively isolated and

fragmented within the terrestrial landscape (Perkins

et al., 2010). In a scenario of global warming, with glacial

recession taking place all around the world, the trans-

parency of streams receiving melting water will change

due to the change in glacial clay load. Depending upon

whether clay load increases or decreases, the periphyton

of these streams will be modified in many respects, in

terms of biomass, Chl-a content and also in food quality

for herbivores, because the elemental composition of the

biofilm depends on light availability and also on UVR

incidence. In the short term, an increase in melting

results in an increase in clay load and therefore an

increase in algal biomass but of lower food quality.

However, in the long term, the clay load in streams will

be reduced and, consequently, the effect of a light

increase will reduce algal biomass, but high-light inci-

dence, including UVR, will result in higher food quality.

The final consequence is that glacial melting may shift

periphyton from high C and low quality to low C and

higher quality food for higher trophic levels.
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