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ABSTRACT
Riparian zones are major components of stream thetic parameters and the elemental content of
ecosystems that influence the physical, chemical, periphyton exhibited a bell-shaped relationship
and biological parameters. In particular, the distri- with light availability which was, in turn, depen-
bution of vertical foliage and the structure of dent on canopy cover. These trends are character-
riparian vegetation determine light availability in ized by an increase from low light up to
canopied streams. Here, we analyzed how forest 250 pmol m ™2 s ! and a decline when light is over
structure will modify light availability and thus 750 umol m~2 s~ !. Thus, intermediate light re-
affect primary producers’ photosynthetic parame- sulted in optimal conditions for primary producers’
ters and the periphyton stoichiometry of mountain photosynthesis; however, these intermediate
streams. We carried out field sampling in four canopied zones are predicted to decrease in the
streams with different canopies located in the future. Therefore, we predict changes in stream
North-Patagonian Andes and conducted a field ecosystem stoichiometry due to variations in pri-
experiment in which light conditions were mary producers’ photosynthesis, and, conse-
manipulated for four months. Then, we linked our quently, periphyton elemental composition as an
results to qualitative climate change scenarios for outcome of forest structure modifications due to
North-Patagonian forest predicting how future cli- climate change.
mate change will affect primary producers and
periphyton stoichiometry in low-order streams Key words: canopy; primary producers; photo-
through modifications in the structure of canopied synthesis; periphyton; stoichiometry; Nothofagus;
zones. Finally, we found that biomass, photosyn- climate change.
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streams and mediating a number of terrestrial-
aquatic linkages (Sweeney 1992). Forest—stream
interactions can be better understood by analyzing
these dynamics that control light availability in
streams (Stovall and others 2009). The distribution
of vertical foliage in riparian vegetation, its hori-
zontal structure (e.g., its patchiness), and the spe-
cies composition determines the light environment
(Montgomery and Chazdon 2001). In addition,
light regimes change when deciduous trees species
in riparian zone gain leaves in the spring and lose
leaves in autumn (Hill and Dimick 2002). Complex
canopies often modify light availability by creating
low-angle sun flecks that originate from spatially
offset canopy gaps. Canopy cover can also vary
over time in relation to forest development, the
history of disturbances (e.g., fires and blowdown)
(Gjerlov and Richardson 2010), and climate
(O’Grady and others 2011; Williamson and others
2014).

In Earth’s history, climate has played a major
role in shaping the growth, composition, and ge-
netic variation of vegetation across different land-
scapes  (Williams and  Dumroese  2013).
Contemporary changes in our atmosphere have
caused global mean temperature trends to increase
at values previously experienced in geologic time
(Marcott and others 2013); however, the velocity
of change appears to be faster than that during
similar periods (Williams and Dumroese 2013).
Studies have indicated that forests of the world
responded to regional climate variations by altering
their range and density (Harsch and others 2009;
Rehm and Feeley 2013). These shifts in vegetation
composition and structure depend on seed dispersal
(Rehm and Feeley 2013; Torres and others 2015),
geographical barriers (Macias-Fauria and Johnson
2013), and climatic tolerance (Allen and others
2010). Susceptibility to climate change may result
in the substitution of canopy species (Young and
Leon 2007) and the extinction of particular tree
species (Dirnbock and others 2011; Iglesias and
others 2012). Therefore, canopy structure and
dynamics are expected to be modified under cli-
mate change (O’Grady and others 2011; Svenning
and Sandel 2013), and this will in turn influence
stream periphyton.

Periphyton is defined as a matrix with a complex
microorganisms community (algae, bacteria, fungi,
protozoa, and small metazoan), organic and inor-
ganic detritus that is attached to dead or living,
organic or inorganic substrata (Wetzel 2001; Cross
and others 2005). Autotrophs and microbial het-
erotrophs constitute the basal energy resources that
support higher trophic levels in lotic food webs

(Wetzel 2001). The carbon (C):mitrogen (N) and
C:phosphorus (P) ratios of periphyton can vary
considerably. These variations may be due to dif-
ferences in the type of organic material with dif-
ferent elemental compositions (Frost and others
2002; Cross and others 2005; Frost and others
2005), variations in the composition of periphyton
organisms (Frost and others 2005), or changes in
the physiology of algae (Frost and others 2002,
2005; Hillebrand 2005). Studies in experimental
streams revealed that light and phosphorus can
have a positive effect on stream algae growth,
depending on the irradiance level and the enrich-
ment of nutrients (Hill and Fanta 2008; Hill and
others 2009). The variation in light availability af-
fects the photosynthetic process of aquatic primary
producers. This modulates the carbon (C) fixation
rate, which in turn affects the C:nutrient ratio
(Sterner and others 1997). Under low-light condi-
tions, primary producers increase their pigment
content to maximize photosynthetic capacity and C
fixation (Hill and others 2009). Under high light
intensities and low levels of inorganic nutrients
(primarily phosphorus and/or nitrogen), the bio-
mass of primary producers disproportionately
accumulates C relative to nutrients (Frost and
others 2002; Sterner and Elser 2002). In addition,
Xenopoulos and others (2002) reported that UVR
also affects C:N and C:P of primary producers. Fi-
nally, if exposure to high-light conditions is pro-
longed in time C fixation is reduced due to
photoinhibition (Takahashi and Murata 2008),
consequently the C:nutrient ratio decreases due to
a reduction in C fixation (Frost and others 2005;
Martyniuk and others 2014).

Treelines are particularly sensitive to changes in
temperature regimes (Harsch and others 2009)
because the most pronounced changes in temper-
atures are expected at high altitudes and latitudes
(Grigorév and others 2013). Changes in establish-
ment, growth, and survival due to climate change
have been described for treelines of different spe-
cies in the Alps, Himalayas, and Rocky Mountains
(Alaska) (Korner 2007; Randin and others, 2013).
Thus, it can be predicted that treelines will move
upwards (Harsch and others 2009; Donato 2013);
however, regional changes in climate would
determine the final treeline location (Macias-Fau-
ria and Johnson 2013; Paulsen and Korner 2014).
At a global scale, climate change will enhance open
canopies with patches of closed forest (Svenning
and Sandel 2013; Zhu and others 2014). Thus, the
more sensitive ecosystems would be low-order
streams located at the upper altitudinal limit of
trees. In these ecosystems, substantial changes in
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forest structure associated with downward and
upward shifts in treelines are expected.

The North Patagonian Andes (at approximately
40°S) does not exceed 2500 m a.s.l.; treeline is lo-
cated at approximately 1600 m a.s.l. (Villalba and
others, 1997). The treeline near 40°S in Chile and
Argentina is very dynamic and consists of the
austral beech Nothofagus pumilio (Daniels and Ve-
blen 2004). Previous studies have indicated that
climate change will modify the treeline location
because the establishment and growth of seedlings
are highly dependent on rainfall seasonality
(Magnin and others 2014; Alvarez and others
2015), summer temperature (Massaccesi and oth-
ers 2007; Magnin and others 2014), and solar
radiation (Martinez Pastur and others, 2011).
Periods of drought/heat increase mortality, which
will result in forest migration and/or retraction
(Suarez and Kitzberger 2010). This forest dynamic
will affect organic matter and nutrient input to
North-Patagonian Andean streams (Diaz Vil-
lanueva and others 2016) that are characterized by
very low nutrient concentrations (Pedrozo and
others 1993; Modenutti and others 2010) and are
free of anthropogenic pollution (Markert and oth-
ers 1997). Here, we analyzed how Nothofagus forest

structure will modify light availability and thus
affect photosynthetic parameters and stoichiometry
of periphyton of mountain streams. We carried out
field sampling in streams with different canopies
and conducted a field experiment in which light
conditions were manipulated. We hypothesized
that periphyton photosynthesis and stoichiometry
in low-order streams will be affected by modifica-
tions in forest structure.

METHODS
Study Streams

We sampled four mountain streams (Fresco, van
Titter, Goye, and Loépez) located at 41°S, 71°W in
Nahuel Huapi National Park (Patagonia, Argentina)
(Figure 1A). These streams receive water from
precipitation and snow meltwater (total annual
precipitation is 1500-2500 mm). The maxima dis-
charges occur in May austral fall-winter (rain) and
October spring (snowmelt); the lowest discharges
occur in late summer (April). The substrate of all
streams was dominated by boulders and cobbles.
Headwaters are approximately located at 2000 m
a.s.l. (Table 1). The low-order streams downhill are
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Figure 1. A Location of the four sampled streams and the positions of each sampled point. Note that every sampled point
had a visual reference of canopy cover (light availability) and altitudinal composition of North Patagonian forest.
B Scheme of altitudinal gradient of North Patagonian forest. C Location of experiment and its design.
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0 g . canopied by a stunted form (krummh.o.lz) of the
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© = é AV § and form dense and pure stands. At 1200-1000 m,
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% ©= iR §§ £ sent different types of riparian conditions were
L SHRRRN o £E3 chosen based on aerial photographs (taken from
Z‘ . : Q=g é = §§§ Google Earth®) and preliminary visual observa-
24 ZL © f 4\;' ﬂ S :' §g§ tions. The dominant canopy species at these sites
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= B= | m®e0nx i‘: oS dombeyi, and A. chilensis (Figure 1 B).
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- £ § : .~ § §§ each stream were sampled on the same day.
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Light Measurements

To measure the light environment over the
canopied streams, we estimated the direct site fac-
tor (DSF) using digital hemispheric canopy pho-
tographs (Anderson 1964). The DSF is an
approximation of the below-canopy light history at
a specific site, which is associated with canopy
openness (values range between 0-closed and 100-
open). Hemispherical photographs were taken over
the center of the stream channel using a CoolPix
995 digital camera (Nikon) equipped with a fisheye
lens that provides a 180-degree view (FCES8, Ni-
kon). The camera was mounted on a tripod set as
low (<1 m) as possible over the surface of the
water. The photographs taken during sampling
were examined using WinSCANOPY™ software
(Regent Instruments Inc., Canada) to calculate
below-canopy light metrics. The light measure-
ments were taken during the summer to reduce the
effect of deciduous N. pumilio trees and different
size leaves. Light measurements (five replicates)
were taken within 2 h around noon.

Direct light (photosynthetic active radiation,
PAR; that is, 400-700 nm) availability at the stream
surface and at a depth of about 15 cm (stream
bottom) was measured with an Armour SL-125
portable radiometer (Biospherical Instruments Inc.,
San Diego, CA, USA). The light attenuation coef-
ficient (K4q) was calculated according to the fol-
lowing equation:

Ky = EIE) 0

where E,/E; is the ratio of irradiances at depth
Z» = 0.15 m to that at z; = 0; that is, the irradiance
transmittance over depth interval Az = z; — z5. Ky
was estimated from the direct light measurements
(Table 1). Light measurements were expressed as
available photosynthetic active radiation (PAR) at
stream bottom in pmol photons m~2 s~' (hereafter
Underwater Light).

Photosynthetic Fluorescence Parameters

Photosynthetic parameters were measured in situ
five times per stone at a saturating actinic light
(SAL) measurement of 1004 pmol photons m 2 s~
with a PAM-fluorometer. The fluorescence mea-
surements started with F, (ground state, previous
light conditions), which is the level of fluorescence
of the antenna pigment (chlorophyll a) when all
reactive centers of PSII are open. SAL was then
applied, and the maximal fluorescence level was
achieved (F,,). The steady-state value of fluores-

cence immediately prior to the flash is termed F,.
After a period of time, another SAL allowed for the
estimate of the initial minimum fluorescence (F})
and maximal fluorescence (F,,) (Maxwell and
Johnson 2000).

All these fluorescence values were used to
determine the following photosynthetic parameters
(Mackey and others 2008; Rohacek and others
2008):

electron transport rate (ETR = pmol electronsm™ %5~ "),

photosynthesis efficiency ( Y = F‘/}Tﬂ = g) of PSII

(also known as PSII efficiency),

photochemical quenching (qP = M)

Fén_Fr,)
and non-photochemical quenching (NPQ = R"F;,%)

Increased light availability produces a reduction in
the proportion of open reaction centers of PSII (qP).
This change will be reflected in a decrease of the
photosynthesis efficiency (Y) due to photoinhibi-
tion (light-induced damage on PSII), as well as a
decrease in the electron transport rate (ETR) (Mu-
rata and others 2007). Therefore, the Y/qP ratio
(that is the photosynthetic efficiency per open
reactive center) will be low because there are great
amounts of energy that will not be used by PSII.
Contrariwise, the NPQ response is dependent on
the light history of the organism (Miiller and others
2001). NPQ is highly efficient in case of short-term
light stress, but under prolonged high-light condi-
tions is less relevant. Changes that occur in thy-
lakoid membrane generate reactive oxygen species
(ROS) that inhibit the repair of PSII by suppressing
the synthesis of proteins (Murata and others 2007;
Yamamoto and others 2014).

Laboratory Procedures

A 500 ml aliquot of stream water from each sampling
site was filtered through ashed GF/F filters approxi-
mately 0.7 um pore size. Total dissolved phosphorus
(TDP), total dissolved nitrogen (TDN), and dissolved
organic carbon (DOC) were determined for the fil-
tered stream water. DOC and TDN were measured
with a carbon-nitrogen analyzer (Shimadzu TOC-
VCSH, with TN- M1, Kyoto, Japan). The samples
used for TDP measurements were digested with
potassium persulfate at 125°C at 1.5 atm for 1 h; the
concentrations were analyzed using the ascorbate-
reduced molybdenum method (Eaton and others
2005). The total suspended solids (TSS) were quan-
tified by filtering 500 ml of stream water through
pre-weighed GF/F filters, which were dried for at
least 48 h at 60°C and then reweighed.
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Periphyton was obtained by scraping the indi-
vidual stones with a brush and rinsing them care-
fully with distilled water in the same day of
sampling. The final volume obtained was adjusted
to a constant volume (100 ml); the area (cm?)
scraped on the stone was estimated from the
lengths of the three main axes (Graham and others
1987). This volume was designated for the esti-
mation of chlorophyll a (Chl-a), C, and P concen-
trations based on one filter for each determination
and analyzing in all cases the whole filter. To
determine the Chl-a concentration, a 1-ml aliquot
of the periphyton suspension was filtered through
glass fiber filters (GF/F, Whatman™, Maidstone,
UK). After the filtration step, Chl-a was extracted
in hot ethanol (Nusch 1980) and measured with a
10-AU fluorometer (Turner Designs, Sunnyvale,
CA, USA) previously calibrated against spec-
trophotometric measurements. Another 5 ml of the
suspension was filtered through ashed GF/F filters,
dried at 60°C for 48 h, and analyzed for particulate
C using a Thermo Finnigan EA 1112 CN elemental
analyzer (Thermo Scientific, Milano, Italy). The
periphyton P concentration was determined by
filtering another 5 ml of the suspension through
acid-washed (10% HCIl) and ashed GF/F filters,
which were then dried at 60°C for 48 h. The filters
were then combusted at 550°C for 1 h. The ashes
were then placed in flasks, and the P concentra-
tions were analyzed using the ascorbate-reduced
molybdenum method (Eaton and others 2005).
Periphyton Chl-a, C, and P concentrations were
reported as mg m ™. Each parameter was estimated
using 4 replicates (4 stones per site).

Field Experiment

The field experiment was designed to measure
periphyton responses to manipulated light condi-
tions in a free canopy stream using a neutral shade
screen. The experiment was located at Blanco stream
(920 m.a.s.l., Figure 1C; Table 1) and conducted
over 106 days during austral summer (December
2013-April 2014). The following two treatments
were performed: full light (mean irradiance of
1729 pmol m~2 s~ !, up to 2414 pmol m 2 s~ ' at
noon during sunny days) and low light (neutral
shade screen; mean irradiance of 335 pmol m %s™},
up to 497 umol m ™2 s~' at noon). The low-light
treatment was achieved using a neutral screen that
covered the entire width of the stream and 15 m in
length. The screen was placed 15 cm above the
stream surface and fixed with metal pegs 1 m away
from the stream margin. This experiment was

carried out during the period of low water flow

(summer), and no hydrological changes (HOBO
datalogger) were observed during the experiment.
Daily light measurements were obtained from a
meteorological station located 20 km from the
experiment site and were corrected by periodically
(every 2 weeks) direct measurement.

During the experiment, TDN, DOC, TSS, con-
ductivity, turbidity, temperature, and dissolved
oxygen were measured (Table 1). Stream temper-
atures and water levels were recorded using a data
logger (U20 HOBO; Onset, Bourne, MA, U.S.A.).
On five sampling occasions, we randomly selected
four stones per treatment (full-light and low-light
treatments). We estimated the in situ photosyn-
thetic parameters (qP, Y, NPQ, Y/qP, and ETR) for
each stone using a WATER-PAM equipped with a
Water-EDF fiber optic unit. We collected each
stone individually in a thermally insulated plastic
container and immediately transported it to the
laboratory under dark conditions. In the labora-
tory, substrata were scraped as previously described
and the same parameters were then estimated.

Statistical Analysis

We compared the two methods of light measure-
ment (that is, radiometer and hemispherical pho-
tography measurements) which were used to
determine canopy openness and underwater
(15 cm depth) light availability. We carried out
two-way ANOVA to analyze the light availability
among sites (N = 5) and streams (N = 4). A cluster
analysis was used to group similar light conditions.
Based on these results, we established three levels
of canopy cover corresponding to light intensity.
Each sampling point was classified using one of
these levels. We then applied nested ANOVA and
an a posteriori Tukey’s test using R (Team 2015) to
compare the limnological features (TSS, DOC, TDP,
TDN, conductivity, turbidity, temperature, and
dissolved oxygen) of the streams, with sampling
points nested to streams. Each sampling point was a
mean of four replicates (stones).

We generated Generalized Linear Mixed Models
(GLMM) that assumed a normal error distribution
with a log link function using R (Team 2015) to
relate periphyton to the obtained variables: geo-
graphic course of the stream, altitude, turbidity,
DOC, TDP, TDN, temperature, conductivity, dis-
solved oxygen, and radiance. We considered all the
obtained variables and not highly correlated with
each other (with Pearson’s product-moment cor-
relations among environmental variables <0.60).
We considered all combinations of the seven pre-
dictors and the streams as a random factor with
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four levels (to address the non-independence of
data within each stream). We selected the model
that best described primary producer biomass (Chl-
a concentration) and applied Akaike’s information
criterion (AIC). For each model, we calculated the
corrected AIC (AICc) value, which measures the
model fit while correcting for small sample sizes.
All the candidate models were ranked according to
their AICc value, with the best model having the
smallest AICc value. We then calculated AAICc,
which is the difference between each model and
the best-fit model within the model set. We used a
set of the best supported models based on a model
criterion of AAIC less than 2. After we determined
the variable/s that were meaningful for the peri-
phyton primary producers, we analyzed the rela-
tionship between the variable/s of the model with
best AICc value and the response variables (that is,
periphyton C, Chl-a concentration, periphyton C:P
ratio, and photosynthetic parameters). We ex-
plored the relationships using Pearson’s correla-
tions; when significant relationships were found,
we performed linear regressions and curve fitting.
In all cases, normality and homoscedasticity were
previously verified.

RESULTS
Streams

The different sampling sites along the four sampled
streams differed in canopy cover (DSF ranged from
10 to 98) and underwater light availability (57—
2589 pmol m~2 s~', Figure 1). Light availability
varied significantly among sites (two-way ANOVA,
Fy12=10.8, p < 0.001). The cluster analyses (see
Supplementary Material, S1) between stream sites
revealed the following three groups according to
underwater light conditions and canopy cover of
sampling sites: low-light availability (from 0 to
300 umol m™2 s~!, high canopy), intermediate-
light availability (from 300 to 1100 pmol m™2s™"),

and high-light availability (from 1100 to

4.0 2 A T
— < van Titter
0.80, p < 0.0001 A Goye
O Lopez
35 ® Fresco
O Experiment
3.0 1 E
25 %
2.0 1

Experiment

Sl

Primary producers Chl - a (mg m'2)

1217_01-06_01-20 02-20 04-02 : Oé
50 100 250 500 1000 2500

log Underwater Light (umol mZs’

)

Figure 2. Relationship between periphyton Chl-a con-
centration and underwater light (15 cm depth). Data are
given as the mean (four replicates -stones-) and standard
error. Nested graph experimental results by sampled date
(month-day): low-light (gray) and full-light (white)
treatment. All treatment differences were significant at
p < 0.001. Vertical lines show the 3 groups of light/-
canopy.

2600 umol m~2 s~', low canopy). We compared
direct measurements of underwater light (15 cm
depth, log transformed) with measurements of
below-canopy light (DSF) and found a significant
correlation between both parameters (linear
regression, ? =090, n= 20, F110=163.5 p <
0.001). Therefore, the light availability represented
different canopy covers. The understory light
resulted from canopy cover as we did not find dif-
ferences in light measurements between N. pumilio
and N. dombeyi canopies. The total suspended solid
(TSS) and dissolved organic carbon (DOC) con-
centrations were low (Table 1) and did not affect
light availability.

Other limnological variables did not differ among
sampling streams and sites. All streams exhibited
low values of turbidity (0-1.82 NTU) and conduc-
tivity (11-42 pS cm™') (Table 1). However, the
Fresco stream presented significantly higher tur-

Table 2. Best Approximating Models (AAIC < 2) for Predicting Periphyton Biomass (chlorophyll a) in

Mountain Streams (van Titter, Fresco, Goye, and Lopez)

Model-variables r AICc AAIC w; K
Underwater light (UL) 0.62 38.130 0 0.383 1
UL + turbidity 0.65 39.134 1.004 0.141

UL + temperature + turbidity 0.71 39.918 1.788 0.092 3

Intercept and error terms were also included in all models

AIC Akaike’s Information Criterion. k indicates the number of parameters. AAICc is the difference between the AICc value and the lowest AICc value. w; is the relative

likelihood that the model is the best approximating model.




1232 N. Martyniuk and others

140 I —— )
Experiment
130 80

120 A

il

A van Titter
A  Goye

O Lopez

® Fresco

O  Experiment

12-17 01-06 01-20 0220 04-02

60 -

Periphyton C (mg m'2)

r’=0.88, p < 0.0001

T T
50 75 100 250 350 500 750 1000 2500

log Underwater Light (umol m? s'1)

Figure 3. The relationship between periphyton C con-
centration and underwater light (15 cm depth) showed a
bell-shaped curve. Data are given as the mean (four
replicates -stones-) and standard error. Nested graph
experimental results by sampled date (month-day): low-
light (gray) and full-light (white) treatment. All treatment
differences were significant at p < 0.001. Vertical lines
show the 3 groups of light/canopy.
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significantatp < 0.001. Vertical lines show the 3 groups of
light/canopy.

bidity values (nested ANOVA, F;i9=9.31, p=
0.003; a posteriori Tukey’s tests between all pairs
were significant at p < 0.05) and conductivity
values (nested ANOVA, F5,0=53.6, p < 0.001;
a posteriori Tukey’s tests between all pairs were
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Figure 5. The relationship between periphyton C:P
(atomic) and underwater light (15 cm depth) showed a
bell-shaped curve. Data are given as the mean (four
replicates -stones-) and standard error. Nested graph
experimental results by sampled date (month-day): low-
light (gray) and full-light (white) treatment. All treatment
differences were significant at p < 0.001. Vertical lines
show the 3 groups of light/canopy.

significant at p < 0.001). Canopy cover did not
affect turbidity (nested ANOVA, F,o=2.8,
p = 0.11) nor conductivity (Fa,10 = 2.2, p = 0.16).
No differences in DOC values (Table 1) were ob-
served among streams (nested ANOVA, F3 1o = 0.4,
p=0.67) or canopy levels (nested ANOVA,
F> 10 =0.41, p = 0.73). The concentrations of total
dissolved phosphorus (TDP) were also low (<8 ug
17!y in all streams (Table 1); the canopy cover did
not affect P concentration (nested ANOVA,
F>10=0.6, p=0.55). Total dissolved nitrogen
(TDN) was high in van Titter and Goye (Table 1,
nested ANOVA, F5 9= 30.3, p < 0.001), but ca-
nopy cover did not affect TDN (nested ANOVA,
F>10 = 0.7, p = 0.58). The TDN:TDP ratio of streams
ranges from 28 to 85. The water temperature was
low, ranging between 8 and 13°C; there were sig-
nificant differences in temperature among streams
(nested ANOVA, F5 10 = 8.5, p = 0.004, Table 1).

Periphyton Biomass and Elemental
Ratios

Periphyton Chl-a concentrations were higher
(nested ANOVA, F, 0= 35.4, p < 0.001) under
low-light availability (high canopy cover, 2.9 mg
Chl-a m™?) than intermediate-light conditions
(1.6 mg Chl-a m™?), and sites with high-light
availability (open canopy, 0.5 mg Chl-a m~?). No
differences were found among streams (nested
ANOVA, F;,0=1.13, p = 0.38). To elucidate the
main factors that control primary producer’s bio-
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Figure 6. Responses of
photosynthetic
parameters to underwater
light (15 cm depth). A
Photosynthetic yield, B
electron transfer (ETR), C
photosynthetic efficiency
per open reactive center
(Y/qP), D PSII closed
reactive centers (1-qP).
Data are given as the
mean (four replicates -
stones-) and standard
error. Nested graph
experimental results by
sampled date (month-
day): low-light (gray) and
full-light (white)
treatment. All treatment
differences were
significant at p < 0.05.
Vertical lines show the 3
groups of light/canopy.

(AAIC < 2, Table 2) that explain the variations in
Chl-a concentration. Among the different factors
tested, light availability accounted for the higher
likelihood model (Table 2) with an exponential
decay curve fit (r* = 0.80, d.f. =28, p < 0.0001)
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Only sites showed differences in periphyton C
concentration (nested ANOVA, F,;o=18.9,
p = 0.0004), due to differences in canopy cover and
therefore in light availability. Sites under high- and
low-light availability had periphyton C contents 1.4
and 2.5 times less, respectively, than that in sites
with intermediate canopy cover (intermediate light
availability). Thus, the periphyton C content in
relation to light availability exhibited a bell-shaped
curve (Figure 3) with maximum occurring be-
tween about 250 and 750 pmol m~* s~'. The
relationship between periphyton C content and
primary producers Chl-a (C: Chl-a ratio) showed
that C:Chl-a ratio increased as canopy cover de-
creased (light availability increases). We found
differences among sites (nested ANOVA,
F>10 =10.2, p = 0.004), high-light availability had
high C:Chl-a ratio than low- and intermediate-light
availability (a posteriori Tukey’s tests between all
pairs were significant at p < 0.01). Intermediate-
and low-light availability had no differences in
C:Chl-a ratio (a posteriori Tukey, p = 0.97). Also
each stream showed a particular relationship
(nested ANOVA, F5 9 =4.4, p=0.03); this ratio
differed among streams (e.g., the ratio ranged from
40 to 184.5 at Lopez and from 21.5 to 40.5 at Goye)
(note different lines in Figure 4).

Due to differences in periphyton C contents and
similarities in P contents (ANOVA, F;;o=1.8,
p = 0.21), the periphyton C:P ratio exhibited a
similar bell-shaped curve in relation to canopy
cover (Figure 5). The maximum C:P ratio, which
occurred 250 and 750 pmol m 2 s~! and was
consistent with that observed in the relationship
between light and periphyton C (Figure 3).

Photosynthetic Parameters

We observed the highest photosynthesis yield (Y)
under 250-750 pmol m~2 s~' (Figure 6 A); the
maximum electron transfer rate was also obtained
under these conditions (Figure 6B). However, pri-
mary producers that were chronically exposed to
high-light conditions (located under a low canopy
with high-light conditions) showed low electron
transfer rates. These decreases in electron transfer
rates were also obtained under low-light conditions
(high canopy cover).

Light quantity directly affects the photosynthetic
mechanism. This was evident when we analyzed
the photosynthetic efficiency per open reactive
center of photosystem II (Y/qP, Figure 6C). The
highest efficiencies were found in sites with light
conditions between 250 and 750 pmol m™2 s~ ',
The lowest efficiencies were observed in stream

segments that were open or highly covered (high-
and low-light availability). Primary producers un-
der both light availability extremes exhibited sim-
ilar responses (Figure 6). The photosynthetic
machinery experiences these differences under
high light as photosystem II is severely affected by
chronic exposure to excessive light. During the
PAM measurements, the actinic light pulse tran-
siently closes all the reaction centers of PSII and
provides a maximal fluorescence value in a light-
adapted state (growth light). We found that the
proportion of closed reactive centers (1-qP) in-
creases when primary producers are adapted to
low-light environments (Figure 6D). These organ-
isms dissipate excess light as heat through NPQ
(negative lineal regression between NPQ and light
availability, slope = —0.09, * = 0.67, F, 55 = 54.2,
p < 0.001). This implies that excitation with excess
light closes the reactive centers and dissipates heat.
In contrast, autotrophs adapted to high-light con-
ditions had low photosynthetic responses to the
actinic pulse in all photosynthetic parameters (ETR,
Y/qP, and 1-qP) (Figure 6).

Experimental Results

During the 106 days of the experiment, tempera-
tures varied between 12.3 and 6.9°C, with an
average temperature of 8.9 & 1.8°C. Nutrient
concentration remained almost invariable (Ta-
ble 1).

Under low-light treatment, the light conditions
were similar (mean = 335 pmol m~ s™') to those
found in the field at sites with intermediate light
availability. In contrast, full-light treatment pro-
vided high-light (mean = 1729 pmol m™2% s ')
across the experiment that was similar to streams
with open canopies. Between low- and high-light
treatments, significant differences in Chl-a con-
centrations (2.68 and 1.36 mg m™ 2, respectively;
two-way ANOVA, F;,4=133.2, p < 0.001, Fig-
ure 2), C contents (two-way ANOVA, F; 54 = 31.5,
p < 0.001, Figure 3), and C:P ratios (two-way
ANOVA, F,,4=26.3, p < 0.001, Figure 5) were
observed. Under low-light treatment, a higher
electron transfer rate was observed (two-way AN-
OVA, Fi4=7.4, p=0.012, ETR =48.38, Fig-
ure 6B). Accordingly, a higher photosynthetic rate
was also observed under low-light treatment (two-
way ANOVA, F, 54 = 10.2, p = 0.004, Y = 0.5, Fig-
ure 6A). The periphyton under the shaded treat-
ment responded to SAL with a higher proportion of
closed reactive centers (two-way ANOVA,
Fy 24 =6.8, p=0.015, 1-qP = 0.80, Figure 6D) and
greater dissipation through heat (two-way ANOVA,
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F124 =9.5, p=0.005 NPQ = 0.26) than periphy-
ton under high-light treatment (1-qP = 0.60,
NPQ = 0.15). Furthermore, the obtained experi-
mental data fit well with the field data. Therefore,
these data were included in the figures relating
light availability with periphyton parameters (see
the empty squares in Figures 2, 3, 4, 5, 6 and the
nested graphs with the differences between treat-
ments during sampling dates).

DiscussioN

Here, we showed how Nothofagus riparian canopy
affects the light environments of mountain
streams in northern Patagonia. Changes in these
environments affect primary producers biomass,
photosynthetic parameters, and periphyton stoi-
chiometry (C:P ratios). Our data suggest that the
complexity of the forest structure directly affects
periphyton stoichiometry. Light impacts photo-
synthesis, which in turn affects carbon fixation and
elemental ratios. Light availability over streams was
observed to be directly related to the vertical and
horizontal complexity in forest structures (Stovall
and others 2009). The spatial and temporal varia-
tions in irradiance occur when direct sun pene-
trates small openings in the canopy (sunflecks) (De
Nicola and others 1992). When determining pho-
tosynthetic parameters with the PAM, the actinic
pulse causes a change in light intensity that emu-
lates a sunfleck penetrating through the canopy.
We observed that periphyton communities grow-
ing under high-light conditions are light-stressed.
Low photosynthetic responses were observed for all
photosynthetic parameters (ETR, Y/qP, 1-qP) dur-
ing the SAL pulse (Figure 6). Different studies have
detected decreases in the response to spatial and
temporal variations in irradiance in primary pro-
ducers under light stress (Derks and others 2015)
and a delay in the electron transport between PSII
and PSI (Khatoon and others 2009). This process
would interfere with the NPQ mechanism (Ya-
mamoto and others 2014), increasing the suscep-
tibility of the photosynthetic machinery to
photodamage (Murata and others 2007). If this
over-exposure is prolonged, the photochemistry of
PSII will lose functionality and efficiency (Chan
and others 2013) due to chronic photoinhibition
(Derks and others 2015). However, periphyton
exposed to low-light conditions also exhibited low
photosynthetic parameters (Figure 6) during the
SAL pulse. Because these periphytic autotrophs are
growing under low-light conditions, they may have
high susceptibility to sudden changes in irradiance
(that is, sunflecks or SAL pulses). This extra energy

cannot be used because the PSII reaction centers
are closed to prevent photodamage, which in-
creases heat dissipation. Previous studies have
suggested that primary production increase mono-
tonically with light availability with a plateau be-
tween 100 and 400 pmol m ™2 s~ (Hill and others
1995; Hill and Fanta 2008; Hill and others 2009).
Hill and others (2009) employed a range of irradi-
ances that are common in shaded streams, and
found that the instantaneous irradiance that satu-
rated growth was 100 pmol m~? s~'. Our results
showed a bell-shaped trend with light-saturation
point about 250 pmol m~? s~! and a decline point
about 750 pmol m~2 s~ '. The difference in light
saturation (100-400, 250-750 umol m~2 s~ ') can
be attributed to the light history of field primary
producers that are exposed to variable and higher
irradiances throughout the day than indoor
experiments (Hill and Fanta 2008; Hill and others
2009) with controlled and constant light condi-
tions. The change in the trend from an increase to a
maximum to a bell-shaped response has important
consequences when predicting the response of
periphytic primary producers to changes in ambi-
ent light conditions.

The ratio of periphyton C to Chl-a may indicate
the importance of primary producers relative to
heterotrophic and detrital content (Geider 1987;
Goedkoop and Johnson 1996). C:Chl-a ratios be-
low 100 are values that indicate a high algal cel-
lular content, whereas values up to 200 indicate a
still significant contribution of algal cellular C to
periphyton C (Geider 1987; Frost and others 2005).
In our dataset, almost 69% of samples were under
100 and all samples (mean of 4 replicates) C:Chl-a
ratios were below 200. Thus, our C:Chl-a mea-
surements suggest that primary producers are
functionally important in the periphyton matrix
and our analysis of the photosynthetic parameters
would reflect the dynamics of periphyton.

The observed changes in the photosynthetic
parameters of primary producers have conse-
quences in their elemental stoichiometry. Under
low-light availability (high canopy cover) and be-
cause of light limitations, periphytic primary pro-
ducers increase photon capture by maintaining a
high proportion of open reactive centers (Fig-
ure 6D). Hill and Dimick (2002) studied the effect
of seasonal changes in light availability on peri-
phyton and found that light utilization efficiency
was maximal under low-light conditions. This light
limitation results in low C fixation, that affects the
elemental composition of periphyton, resulting in a
reduction in carbon content (low C:P and low
C:Chl-a ratios) (Figure
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s 3, 4, 5). In contrast under high-light conditions
(low canopy cover) primary producers exhibited
low Chl-a content (Figure 2) and high C:Chl-g ratio
(Figure 3). These findings suggest that the size of
the light-harvesting antennae was reduced (Croce
and van Amerongen 2014) with a subsequent de-
crease in light-harvesting efficiency (Horton and
others 2008). If this situation is prolonged, auto-
trophs can exude significant quantities of organic
carbon (primarily as exopolymeric substances)
(Rader and Belish 1997). A slow decomposition of
this nutrient-poor organic matter would cause a
reduction in the prevalence of algal cell (Frost and
others 2002). Concurrently, heterotrophic bacteria
and fungi associated with periphyton may become
a significant carbon pool, decreasing the relative
importance of algal biomass (Hillebrand and Kah-
lert, 2002). However, in our results most of the
obtained C:Chl-a ratios were below 100 and all
below 200 indicating a high importance of algal
biomass in the periphyton matrix. Primary pro-
ducers that remain under high-light-low-nutrient
conditions have severely compromised their pho-
tosynthetic mechanism (low efficiency and low
electron transport rate, Figure 6). Thus, a decrease
in the C photosynthetic fixation results in a low C:P
ratio (Figures 3, 5). In addition, the UVR compo-
nent of sunlight also negatively affects the quan-
tum yield and C fixation reducing the C:P ratio of
periphyton (Xenopoulos and others 2002; Mar-
tyniuk and others 2014) and in experimental
streams Frost and others (2007) found that UVB
removal increased C:P ratio. In our study, canopy
and the neutral screen of the field experiment de-
creased the solar spectra as a whole hence no dif-
ferential absorption of different wavelengths can be
assumed. Therefore, intermediate-light conditions
of the whole solar radiation (PAR and UVR) re-
sulted in optimal conditions for photosynthesis, as
high ETR and high efficiency per open reactive
center (Y/qP) were observed (Figure 6). These light
conditions were achieved due to a combination of
shade and sunflecks. Primary producers located
under intermediate-light conditions benefitted
from this fluctuating light.

Climate change predictions (Barros and others
2013; Magrin and others 2014) showed an incre-
ment in the probability of occurrence of extreme
weather events (e.g., droughts and floods) that will
modify scour, hydrology, and temperature regimes.
Increases in air temperature will affect the quantity
and timing of terrestrial detrital inputs relative to
in situ aquatic production (Mulholland and others
2009). Also changes in scour and hydrology may
increase runoff (Milly and others 2005) and this

will produce modifications in allochthonous or-
ganic matter inputs (Kominoski and Rosemond
2012). Increased temperatures may promote
microbial activity and nutrient sequestration (in-
creasing detrital nutrient content) associated with
organic matter and result in greater microbial than
metazoan processing (Boyero and others 2011).
Finally, reductions in the quantity and quality of
terrestrial detritus and changes in autotrophs will
alter production of microbial and metazoans in
aquatic food webs (Kominoski and Rosemond
2012).

Forests also will respond to climate change by
altering their range and density, resulting in shifts
in vegetation structure (Suarez and Kitzberger
2010; Iglesias and others 2012). Based on the ex-
pected changes in precipitation and temperature in
the North Patagonian wet forest (Barros and others
2013), we predict how these modifications may
interact with periphyton parameters (Chl-a, peri-
phyton C content, and photosynthetic parameters,
Figure 6) considering that autotrophs are the main
source of organic matter for periphyton. In the
present situation, intermediate canopy cover allows
for high Chl-a contents, high photosynthetic
parameters, and high autochthonous C contents
(through photosynthetic C fixation) across a wide
sector (S2 A). However, in future scenarios (S2 B-
C) of climate change derived from the IPCC and
other studies climate change (Barros and others
2013) and of forest dynamics (Suarez and Kitz-
berger 2010; Iglesias and others 2012), the inter-
mediate sector allowing for optimum conditions for
periphyton development will be progressively re-
duced. In the near future (2015-2039), the light
conditions for primary producers will change little;
this is because the models predict small changes in
forest structure at the treeline (Barros and others
2013). However, in the far future (2075-2099), the
intermediate canopy cover is expected to retract
(Daniels and Veblen 2004; Svenning and Sandel
2013; Zhu and others, 2014) because of an increase
in extreme precipitation events and natural defor-
estation (Young and Leon 2007) reducing the
optimum conditions for periphyton. These changes
in forest structure may co-occur with other of the
abovementioned hydrological and physical changes
leading to complex and currently unexplored
dynamics.

Alpine forest dynamics all around the world,
including those in the Patagonian Andes, are ex-
pected to change due to climate conditions. In-
creased heat, floods, and drought will lead to a loss
in forest cover (Palmer and others 2009; Wil-
liamson and others, 2014). However, in some pla-
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ces, forests are shifting upwards (Donato 2013) and
becoming more dense (Dial and others 2007). This
would affect the development of optimum sectors
for periphyton growth. Thus, it is important to
consider that forests not only act as donors for
stream ecosystems, as in the classic continuum
stream models, but also modulate autochthonous
carbon production through direct effects on light
availability. Finally, it is necessary to develop cli-
mate change projections that consider the dynam-
ics of riparian forest cover that will, in turn, affect
stream ecosystem stoichiometry.
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