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Geographical location affects the main ecological factors driving the timing of plants’ life events. In addi-
tion, studying phenology is the simplest procedure to track current global warming and its effects on
the success and survival of different populations of the same species. Little is known about the effect of
water temperature and its corresponding accumulated heat on charophytes’ phenology. We compared
differences in water temperature and sexual reproductive phenology of Chara hispida in two ponds of
two countries located at different latitudes (Spain and Switzerland) over the same year. We estimated

g}; ‘;‘g)prﬁ;:tes the accumulated heat required to develop from one phenophase to another (unripe/ripe gametangia and
Temperature oospores). Curve fitting techniques on water temperature showed an advance of 26 days in the Spanish

spring onset. All phenological events happened for the first time around 40 days earlier in the Span-
ish pond, agreeing with the Hopkins’ Bioclimatic Law prediction. C. hispida sexually reproduced in a
daily mean temperature (DMT) range of 10-25°C and needed 600 growing degree-days (GDD) to ripen
gametangia in the Spanish pond. The Swiss population required a higher DMT (15 °C) to begin to repro-
duce, and ~700GDD to initiate gametangia ripening. Temperature (as well as radiation) is one of the
most important drivers of reproductive phenology, and accumulated heat is a better predictor than DMT
for charophyte phenology. In the foreseeable warming scenario, we assume that C. hispida sexual events
would advance by more than one month in Switzerland and expand at the end of the season, considerably
lengthening its reproductive period.

Growing Degree Days
Geographical factors
Hopkins’ Bioclimatic Law

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Phenology is the study of the seasonal timing of biological
events. Organisms develop from one phenophase to another in their
life cycle depending on their biology and “internal clock” (Resco
et al., 2009). However, authors have also described how the ini-
tiation of phenological events is driven predominantly by climatic
shifts associated with the change of seasons, rather than by intrinsic
controls (Badeck et al., 2004). Unpredictability can affect the suc-
cess of individuals and populations if it affects the precise timing of
events —especially those regarding reproduction, such as flowering
or fruiting in plants. Thus, organisms have to respond to environ-
mental factors that are variable from year to year (Ausin et al.,
2005). Factors related to light availability (such as photoperiod or
irradiance), water availability (such as precipitation or hydrope-
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riod) and other climatic factors (such as temperature) act as cues for
phenology, as they inform about short-term environmental trends
and foreseeable future conditions (Pau et al., 2011). Hence, phe-
nology is considered to be the simplest process which allows us to
track the current changing climate and its effects on the ecology of
both animal and plant species (Walther et al., 2002).

All the environmental factors that affect phenology vary with
the geographical factors in which the organisms are living (Pau
etal.,2011), determining the distribution of species (Chuine, 2010).
According to Hopkins’ Bioclimatic Law, a variation in geographical
position — as defined by latitude, longitude and altitude — implies
a constant variation in climatic conditions and phenology across
temperate areas (Hopkins, 1918). So, with other conditions being
equal, there is a progression of spring phenological events from
south to north, from west to east and from lower to higher ele-
vation. Hopkins research was focused on the phenology of insects,
forest trees, wild shrubs, farm crops and cultivated plants from gar-
dens, all of them being from terrestrial ecosystems. Research based
on remote sensing techniques and vegetation indexes (Schwartz,
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1998; Pettorelli et al., 2005) delved deeper into the description of
the spring phenology advance in terrestrial plants, the so called
“green up”, through latitudinal gradients. For aquatic ecosystems,
recent examples of the application of these methods exist (Hestir
et al.,, 2015; Luo et al., 2016), but no information is available con-
cerning the effect of latitude on the reproductive phenology of
submerged aquatic plant species or the fulfilment of Hopkins’ Law.

Among environmental factors, light and temperature especially
affect phenology by directly influencing biochemical processes and
the development rates of organisms (Franklin, 2009). To study the
seasonality in environmental factors, curve fitting techniques have
been applied, as they allow one to represent the annual pattern on
a temporal axis and to characterize some key dates within the year
that can be related to biological events. The onset, the maximum or
the end of the growing season are some examples of these key dates
(Pettorelli et al., 2005) that can be calculated based on tempera-
ture dynamic. Other methods can be used to explore phenological
events, such as the broadly used growing degree day model, also
called the thermal time model (Trudgill et al., 2005). It is based on
the accumulation of heat above a base temperature, called the low
threshold of temperature. This model assumes that each organism
requires a particular heat sum to develop to the next phenophase in
its life cycle, so when that required thermal summation is reached,
the phenological event is triggered. There are many examples of
the application of this model for terrestrial organisms, especially
in plants (Zavalloni et al., 2006; Sacks and Kucharik, 2011; Kramer
et al., 2012). However, its use for submerged macrophytes is scarce
(Spencer et al., 2000; Spencer and Ksander, 2001), particularly
for green macroalgae such as charophytes (Rey-Boissezon, 2014;
Calero et al., 2015).

Charophytes play key roles in aquatic ecosystems (Schneider
et al., 2015). They form dense stands in permanent waterbodies by
means of their high capacity for vegetative reproduction. In spite
of this, the disappearance of several charophyte species, and the
decline of rarer ones, have already been reported for Europe (see, for
example, Simons and Nat, 1996; Auderset Joye et al., 2002; Korsch
et al., 2008; Auderset Joye and Schwarzer, 2012; Baastrup-Spohr
et al., 2013). Reducing the risks to which charophytes are exposed
requires a better knowledge of their ecology. Under the current
scenario of changing climate (CH 2011, 2011; IPCC, 2014) it is cru-
cial to unravel how charophytes, and their phenological processes,
will respond to these perturbations. Even many charophyte species
can reproduce vegetatively, higher unpredictability and frequency
of droughts are making sexual reproduction more important for
charophyte populations. Climate change might affect interactions
between temperature and charophyte reproduction, affecting their
geographical distributions and threatening the survival of certain
species (Auderset Joye and Rey-Boissezon, 2015).

As stated by Marchin et al. (2015), predicting future responses of
phenology to climate change in general, and warming in particular,
requires a broad perspective and the use of a range of approaches.
For instance, differences in temperature between two countries
over the same year due to distinct geographical locations could be
comparable, with caution, to the increment in temperature that
the country located at the higher latitude would experience in the
future under the warming scenario. For example, in Switzerland
there is a foreseeable increase of up to 4.8 °C in the seasonal mean
temperature by the end of the century under a non-intervention
scenario (CH2011, 2011). Looking at the seasonal mean air temper-
ature between this country and one located at a lower latitude such
as Spain, which is approximately 5.5°C warmer in spring (in the
period 1981-2010; AEMET, 2012; MétéoSuisse, 2015), means that
Spain would be a suitable candidate for the comparison of spring
phenology. Therefore, in this study we compared the temperature
dynamics and the reproductive phenology of the same species dur-
ing 2014 in two ponds located in Spain and Switzerland. We chose

the submerged macrophyte Chara hispida, a European broadly dis-
tributed charophyte which lives in both freshwater and brackish
water, with a degree of threat rated as vulnerable in Switzerland
(Auderset Joye and Schwarzer, 2012). The aim of the study was to
answer the following questions: (i) does C. hispida follow Hopkins’
Bioclimatic Law? (ii) does the length of the C. hispida reproductive
season change with the geographical location? and (iii) does the
heat sum needed to develop from one phenophase to the next one
within a life cycle depend on the geographical position? Summa-
rizing, we tried to understand how geographical factors, through
an important climate factor such as temperature, affect the repro-
ductive phenology of the same particular aquatic species.

2. Methods
2.1. Study sites

The two ponds under study were located in two countries within
the European continent, differing in their latitude, longitude and
altitude (Fig. 1). The Llacuna Nova del Canyar (LNC hereafter) is
an oligohaline shallow pond created in 2007 within the Albufera
de Valéncia Natural Park (Valencia, Spain) as part of the restora-
tion of a sea-shore dune front. During 2014, scattered meadows of
submerged macrophytes covered the sandy bottom, dominated by
dense beds of C. hispida (Calero et al., 2015).

The Etang Robert Hainard (HAI hereafter) is a freshwater
pond created in 1991 within the Moulin de Vert Nature Reserve
(Geneva, Switzerland) in a former meander of the Rhone river
that disappeared when the river was channelized in 1940. In
2014, charophytes dominated the macrophytes community and,
although the pond was covered by ice during part of the winter,
C. hispida grew perennially in permanent shallower and deeper
waters.

2.2. In situ temperature recording

Several Onset HOBO® probes with dataloggers (Onset Computer
Corporation, Bourne, MA, USA) were set up within the ponds to
hourly record the air and water temperatures. All underwater sen-
sors were fixed to the bottom of the pond so that their depth relative
to the surface changed with the water level. For this study, however,
we defined the depth of each probe related to the water surface —by
using the average water level in each case- to understand the phe-
nology of the charophytes sampled at those same depths in other
areas of the pond.

Two underwater temperature sensors were located within LNC
at different areas with permanent water. One of the probes was
located close to the shore of the pond, at a depth of 15 cm in an area
30 cm deep (LNC-15 cm hereafter), where charophytes were grow-
ing at the base of emergent vegetation. Another one was placed in
open waters, at a depth of 30 cm in an area which is 120 cm deep
(LNC-30cm hereafter). By contrast, in HAI, four underwater sensors
were placed at different depths in the same vertical line in an area
400 cm deep (HAI-50 cm, HAI-150 cm, HAI-250 cm, HAI-350 cm
hereafter, respectively). See their location within the pond in Fig. 1.

2.3. Calculations and statistics related to temperature data

To describe and compare both studied ponds, we calculated the
daily mean temperature (DMT). DMT data from each location and
depth were studied by curve fitting techniques to characterize the
beginning of spring and autumn in order to relate them with bio-
logical events. Scaled data were fitted to two different bell-shaped
functions for subsequent model selection (Johnson and Omland,
2004): the Fourier model of 2 terms (Los, 1998) and the Weibull
model of 6 parameters (Rolinski et al., 2007). The goodness of fit
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Features \ Pond LNC - HAI .
Llacuna Nova del Canyar Etang Robert Hainard
Coordinates
Latitude 39°19°40.6” N 46° 10’ 54.5" N
Longitud 0° 18 15.5" W 6°01 31.1"E
Elevation 3ma.s.l. 350 ma.s.l.
Area 5900 m? 17000 m?
Maximum depth 1.5m 52m

Water catchment
Water level change in 2014 30 cm
Emergent vegetation High density

Submerged vegetation 4 sp. of charophytes

Rainfall, groundwater, and saline spray

Groundwater and rainfall
100 cm
Scarce. Two islands with reeds

6 sp. of charophytes

Fig. 1. Location within the European continent of the two studied ponds: the Spanish pond, Llacuna Nova del Canyar (LNC), and the Swiss one, Etang Robert Hainard (HAI).
The aerial photographs show the location of the temperature probes in each case (white stars) and the depth of the site where they are located. The attached table shows

some basic information about the two ponds (geographical coordinates, area, etc.).

for both models was estimated with the x2 parameter (significance
calculated with Monte Carlo’s methodology with 10,000 permuta-
tions), and the Akaike Information Criterion was applied to choose
the better model in each case (Johnson and Omland, 2004). Spring
onset was determined as the highest slope of increase in tempera-
ture in the fitted model, while the end of autumn was determined as
the highest slope of decrease in temperature. The derivative func-
tion of the bell-shaped model was calculated so that the spring
onset corresponded to the moment of minimum value; the end of
autumn corresponded to the moment of maximum value; and the
maximum temperature with the derivative function being equal
to 0. Further information about this methodology, performed with
MATLAB software (2015), is described in Benavent-Corai (2015).
Both air and water DMT data were analysed seasonally (approx-
imating winter as 1 January-31 March, spring as 1 April-30 June,
summer as 1 July-31 September, and autumn as 1 October-31
December). As temperatures are largely dependent on time and
space, differences between each location and depth were analysed

with the Tukey Mean-difference plot (also called the Bland-Altman
plot in medical research), a simple but powerful graphical tool to
compare paired observations of two directly comparable variables
(Kozak and Wnuk, 2014). These statistics were performed with R
software version 3.2.1 (R Core Team, 2015).

The Growing Degree-Days (GDD) parameter was calculated with
the Actual Temperature Method (no cutoff) from the HOBOware®
Pro Growing Degree Days Assistant (Onset Computer Corporation,
Bourne, MA, USA). This method performs a numerical integration,
and uses the sampling interval of temperature data (1 hin this case)
to compute the area between the curve of temperature and the low
threshold. There is not a well-defined low threshold of temper-
ature for the development of charophytes (Rey-Boissezon, 2014),
but C. hispida bears water temperatures down to at least 4°C, the
minimum temperature mostly recorded in temperate ponds. At
this value, water has the highest density/weight relation favour-
ing the mixing of the water column. Besides this, we used 4°C as
the low temperature threshold to allow for comparisons with pre-
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vious studies (Rey-Boissezon, 2014). The 1 January 2014 was set as
the starting date for calculation of GDD (biofix). However, as the
population of C. hispida from LNC — 15cm was already fertile in
January, we examined temperature data from the last months of
2013 to find an appropriate starting date to describe the life cycle
of the species. The 1 November, also used in previous studies on
submerged plants (Spencer et al., 2000), was finally considered as
the biofix for that particular site as the minimum temperature in
2013 happened within that month.

2.4. Sunlight data

Accumulated sunlight from the beginning to the end of the
year (inh of sun) was calculated in each latitude to provide addi-
tional information about the environmental conditions affecting
both populations. Data were obtained from the European Climate
Assessment & Dataset (Klein Tank et al., 2002) and MétéoSuisse
(2015).

2.5. Measurement of other limnological variables

Some physical and chemical features of the water were analyzed
monthly using portable field equipment: a WTW Meter (WTW
GmbH, Weilheim, Germany) for conductivity and pH, and a Hach
LDO1 Meter (Hach Company, Loveland, CO, USA) for dissolved oxy-
gen. Water samples were taken to analyze total nitrogen (TN) and
total phosphorus (TP) concentrations, as well as solute compo-
sition of water. The IIAMA laboratory (Universitat Politécnica de
Valéncia) and Laboratorios Tecnolégicos de Levante in Spain, and the
SECOE laboratory (Service de I’Ecologie de I'Eau — Etat de Genéve) in
Switzerland performed these analyses using standard methods.

2.6. Specimen collection, observation and analysis

C. hispida specimens were collected from both ponds by hand,
or using a hook from an inflatable boat. Species identification fol-
lowed Krause (1997). Collection was less frequent in autumn and
winter (once a month) and more frequent in spring and summer
(approximately every 15days) for a more accurate detection of
reproductive events. After washing the fresh material to remove
sediment and organic matter, charophytes were kept in a refriger-
ator or fixed in ethanol 70% for further observation. Between 15 and
30 specimens (less observation effort when charophytes were ster-
ile) were generally observed by sampling date and depth with an
Olympus® SZ61 binocular loupe (Olympus Corporation, Shinjuku,
Tokyo, Japan) and a Leica® stereomicroscope M205C (Leica Camera
AG, Wetzlar, Germany) with maximum magnifications of 67.5 x and
160x, respectively. Only those specimens with an intact apex and
at least 8 whorls were selected, so that we could detect the pres-
ence of sexual organs (called gametangia) in each whorl. The whole

Table 1

thallus, including the side-branches, were observed to monitor the
emergence and maturation of antheridia (male gametangia), oogo-
nia (female gametangia) and oospores (the product of fertilisation
of gametes) of C. hispida from LNC and HAI.

Each phenological stage was identified based on the size and
colour of the gametangia. Unripe antheridia in charophytes go from
light orange to light red, while ripe antheridia present a dark red
colour and defined shield cells (given that when maturation is
complete, the shield cells fall apart). Oogonia in C. hispida range
from light orange to dark green or brown, and were considered as
ripe when swollen. After that stage, oogonia become abortive or
are fertilised, forming the oosporangium. Inside it, oospores start
ripening, until they get black and finally start a calcification process
(Soulié-Madrsche and Garcia, 2015). For this comparative study, we
did not consider the gyrogonite (calcified oospore) as a phenologi-
cal stage, as the fructifications that remained attached to the shoot
in the Spanish population did not show a highly calcified aspect.

The difference in number of days between the first date of
detection of each phenological stage at both populations was cal-
culated and compared with that stated by Hopkins (1918): “Other
conditions being equal, the south north progression of spring phe-
nological events in temperate portions of North America is delayed
by 4days for each degree of latitude northward, for each 5° of
longitude eastward, and for each 400-foot increase in elevation”.
According to the geographical coordinates of both study sites, we
expected a delay in the sexual reproduction of the Swiss popula-
tion of 44 days with regard to the Spanish one. The first date of
detection of each phenological stage was related to the amount of
accumulated heat reached at that moment, in order to compare
the two ponds and describe the life cycle of the species. Finally,
accumulated sunlight in each latitude was considered as comple-
mentary in relation to accumulated heat to understand our data
(Rey-Boissezon, 2014). We calculated the hours of sun received by
the charophytes at each phenological stage by using the same biofix
as in accumulated heat.

3. Results
3.1. Limnological features

Both studied ponds had similarities regarding their trophic sta-
tus, with similar concentrations of TN and TP. HAI presented higher
values of dissolved oxygen and it was slightly more alkaline than
LNC. Regarding the conductivity of water, however, LNC —with a
relevant sea influence- had higher values, mainly due to consider-
ably greater chloride and sodium concentrations (Table 1).

Basic physical and chemical features of water from Llacuna Nova del Canyar (LNC, Spain) and Etang Robert Hainard (HAI, Switzerland) in 2014. Means (minimum-maximum)
from monthly samplings are indicated for most variables. In LNC total nitrogen/total phosphorus are single data from March and solute composition of water from January

(no more data available). n.d.: no data.

pH Conductivity Dissolved oxygen Total nitrogen Total phosphorus
(nS/cm) (mg/L) (Saturation%) (mg/L) (mg/L)
LNC, Spain 74 3435 52 60 1.0 0.010
(7.2-7.5) (2940-4070) (2.6-8.1) (29-92)
HAI, Switzerland 8.2 475 10.1 108 2.0 0.013
(8.0-8.3) (398-557) (8.5-12.4) (77-143) (1.0-3.3) (0.010-0.021)
HCO3~ cl- 50,42~ Na* K* Ca?* (mg/L) Mg2*
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
LNC, Spain 181 639 29.1 365 n.d. 107 57.7
HAI, Switzerland 231 18.4 42.9 9.6 1.7 78 15.0
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Fig. 2. Air (A) and underwater (B) daily mean temperature dynamics, at different depths from the water surface, from Llacuna Nova del Canyar (LNC, Spain) and Etang Robert

Hainard (HAI, Switzerland) over 2014.

3.2. Daily mean temperature (DMT) dynamics and key dates

Air temperature dynamics differed at both geographical loca-
tions, generally with warmer values at the Spanish site throughout
the year (Fig. 2A). With regard to the minimum DMT, HAI reached
negative values (—0.1 °C, December 2014), whereas LNC tempera-
ture was always above 7.0 °C. For example, towards the end of the
winter (January to March 2014), we found DMT values of 10-20°C
in LNC, showing a high variability between subsequent days. Mean-
while, a gradual increase in air temperature was recorded in HAI
from temperatures of 2-6°C, ending in spring with one of the
highest values (28.3 °C, June). The highest daily mean temperature
(28.8°C) occurred in mid-July (Fig. 2A), being 0.7 °C lower than the
maximum found in LNC, which also occurred in mid-July and later
in early August.

Water temperature dynamic resembled air temperature
dynamic at both ponds (Fig. 2B, only shallowest and deepest water
values from HAI are shown), with daily values in water fluctu-
ating much less. Again, maximum DMT happened earlier in HAIL
Swiss waters from HAI were warmer at all depths than deeper
waters from LNC during all of June, with temperatures up to 25.5°C
at HAI-50cm (Fig. 2B). Waters from LNC kept on warming in
July, reaching their maximum DMT at LNC-15cm during August
(28.9°C). According to water temperature, the spring onset in HAI

appeared 26 days later than in LNC, and the end of autumn was
determined just 6 days earlier in LNC compared to HAI (Fig. 3).

3.3. Seasonal temperature

Air DMT from LNC was higher than HAI temperature in all sea-
sons, with minimum differences in spring, and maximum ones in
winter (Fig. 4A & C). At both ponds, water temperature fluctu-
ated less than air temperature, with more similar values in water
temperature between the two ponds (Fig. 4B & D). Comparing
the temperature from the deeper area of the Spanish pond (LNC
— 30cm) with the shallowest site from the Swiss pond (HAI —
50 cm) —the most similar conditions between the two locations-,
underwater DMT was higher at the Spanish site, with the largest dif-
ferences in winter (+4.4 °C) and autumn (+3.4 °C), and more similar
values in spring (+0.9°C) and summer (+1.4°C) (Fig. 4D).

3.4. Accumulated heat

Underwater accumulated heat was higher in shallower than in
deeper waters in both ponds (Fig. 5). The warmer climate of Spain
implied a higher underwater accumulation of growing degree days
than in Switzerland. Taking the 1 November 2013 as the starting
date for shallower waters from LNC, there was already an accumu-
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Fig. 3. Daily mean (dots), bell-shaped model fitted (grey line) and derivate function
(black line) from water temperature from Llacuna Nova del Canyar (LNC, Spain, A)
and Etang Robert Hainard (HAI, Switzerland, B) over 2014. All variables were stan-
dardized. Vertical lines indicate the key-dates for temperature: spring onset (S),
maximum temperature (Mx) and end of autumn (A). The represented model in each
case is the best fitted one (more details in 2.3. Calculations and statistics related to
temperature data): the Fourier model of 2 terms for LNC — 30 cm and the Weibull
model of 6 parameters for HAI — 50 cm.

lated heat of 443 GDD by the beginning of 2014. The GDD curves of
this pond did not stabilize around a maximum, but reached 5317
GDD by the end of the year in LNC-15 cm. In HAI, however, accu-
mulated heat reached 4012 GDD at a depth of 50 cm and remained
stable during the final days of December due to temperatures that
approached the low threshold used for calculation.

Table 2

3.5. Reproductive phenology of Chara hispida

Only sterile charophytes were observed at the beginning of the
study period in both ponds and at all depths, except for LNC-15 cm,
where specimens already showed ripe gametangia (both antheridia
and oogonia) at the end of January. With this exception, C. hispida
sexually reproduced from spring to autumn in both ponds (Table 2).
Specimens took 2-3 months to produce the first gametangia and
for them to mature in LNC, whereas they took 3-5 months in HAL
Detection of both sexual organs was not simultaneous in most of the
sampled sites. In LNC-30 cm, for example, we observed the first ripe
antheridia around 9 days earlier than the first ripe oogonia. At least
4-5 months were needed for the maturation of oospores in LNC (6
months in HAI) and, after 8-11 months, all specimens in both pop-
ulations became sterile again. The end of the sexual reproductive
season appeared one month later in the calendar in the LNC shal-
low water compared to the deeper site. Almost no effect of depth
was observed in the reproductive phenology of the specimens from
HAL

C. hispida sexually reproduced in a wide range (10-25°C) of
water daily mean temperature (DMT). Gametangia maturation took
place at between 10°C and 18°C DMT, while oospore matura-
tion happened at between 14 °C and 25 °C. All events in the Swiss
C. hispida population started when DMT was higher than in the
Spanish pond. High temperatures during summer did not stop the
generation of new gametangia in the newly grown parts of the
charophytes in either LNC or HAIL

Considering the day of the year when a certain reproduc-
tive stage was detected, charophytes from HAI were delayed by
40-43 days with respect to those from LNC (Table 2). In the Span-
ish pond, production and maturation of the first gametangia took
about 400-600 GDD, maturation of the first oospores needed at
least 1000-1300GDD and, after 3300-4400GDD, all specimens
were sterile. However, charophytes from the Swiss pond needed
higher values of accumulated heat to produce and ripen gametangia
and oospores (400-800 GDD and 1400 GDD, respectively), whereas
lower values were needed to revert back to a sterile state after the
reproductive period (3200-3400 GDD) (Table 2, Fig. 6). Regarding
light energy, all phenological events generally needed more accu-
mulated hours of sun in the Swiss population (Table II): about 500 h
to produce and 650h to ripen gametangia, and about 1000 h to
ripen oospores. In the Spanish pond, however, we detected the
first gametangia after approximately 325h of sun, the first ripe
gametangia after 500 h and the first oospores after 900 h.

4. Discussion

The two compared populations came from ponds with similar
trophic status, but differed in the solute composition of the water,

First detection of the main phenological stages of Chara hispida at different depths in Llacuna Nova del Canyar (LNC, Spain) and Etang Robert Hainard (HAI Switzerland) during
2014. The date, the day of the year (taking the 1 January 2014 as day 1, except for LNC-15 cm where the 1 November 2013 is day 1), the accumulated heat (in Growing Degree
Days, GDD), the daily mean temperature (DMT, °C) and accumulated sunlight (Sun, in hours of sun) reached at each moment are indicated. *: there were already unripe
gametangia in January when the first observations were carried out. —: no sampling at those depths.

First unripe gametangia First ripe gametangia

First ripe oospores Back to 100% sterile specimens

after reproduction

Depth Date Day GDD DMT (°C) Sun(h) Date Day GDD DMT (°C) Sun (h) Date Day GDD DMT (°C) Sun(h) Date Day GDD DMT (°C) Sun (h)
LNC (Spain)

15cm  * * * * * 31Jan 92 617 10.3 513 26 Mar 146 1034 14.0 864 30Sep 334 4350 243 2502
30cm 5Mar 64 409 11.7 323 26 Mar 85 601 13.0 494 15May 135 1277 19.9 908 2Sep 245 3374 246 1925
HAI (Switzerland)

50cm - - - - - - - - - - - - - - - 20ct 275 3350 19.2 1614
150cm 17 Apr 107 420 153 503 6May 126 636 16.0 577 23Jun 174 1421 25.0 984 20ct 275 3295 19.1 1614
250cm - - - - - 19May 139 772 17.1 655 23Jun 174 1372 245 984 - - - - -
350cm 17 Apr 107 401 14.9 503 - - - - - - - - - - 20ct 275 3199 189 1614




S. Calero et al. / Aquatic Botany 136 (2017) 71-81 77
A B
30 - 30 1
i
- 7 HE . o
o L | L S T =
g . T < W
S | pos ) + -
s2 O g £ 20 = R
3 i : 1 1 © I !
‘(E : ! { ! faut 1 !
i - - ! @ 1 1
[ 3 i 3 a ar -
Q. - ! £ | 4
£ P i . S B
- ! 1 = — 1
2 10 i ' [ 10 s |
= i - =i b
2| O 1] o :
i ! .
- = LNC i B LNC-30cm
0 - O RAl - 0 O HAI-50 cm
T T T T T T T T T T T T T T T T
£ £ 8 & g g E 3 £ £ 8 & g g ;5: 3
z = n o B o z = 0w 0 @ 0
5 10 15 20 25 § 10 15 20 25
C 1 1 1 1 1 I_ 1 1 D 1 1 1 1 1 1 1 I_ 1 1
Spring Winter Spring
= o = - -
10 e 10
Q 5 a ﬁfo o - E 5 “g 5
@ 9P, & @ LA
g 0 e - 2 g . L
5 R =
g -5 o g 5 - -
z Summer Autumn g Summer Autumn
3 3
1] . - 10 o 5 - 10
(] @
g g
. -5 -1 -5
& ] %‘”&’n’iy‘
0 = 0
. - -5 - -5
T T T T T T T T T T T T T T T T T T T T
5 10 15 20 25 5 10 15 20 25

Temperature average (°C)
Air temperature

Temperature average ("C)
Water temperature

Fig.4. Air(3.)and underwater (B) daily mean temperature (DMT) distribution by seasons from Llacuna Nova del Canyar (LNC, Spain) and Etang Robert Hainard (HAI, Switzerland)
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reflected in their different values of conductivity. The growth in
brackish (LNC) or freshwater (HAI) conditions may influence the
fertility of C. hispida as described for other charophytes (Soulié-
Madrsche, 2008), although we do not consider water chemistry —at
least the differences between the two studied ponds- to be determi-
nant for the first appearance of sexual organs. It appears, however,
to be significant for the calcification of oospores into gyrogonites,
as we observed differences in the presence of calcified propag-
ules between both populations: slightly calcified oospores in LNC,
versus hardly calcified gyrogonites in HAI. Higher availability of
bicarbonates in the water of the Swiss pond could explain this
observation.

4.1. Time for sex: effects of latitude and depth

Overall, both studied populations produced and ripened sex-
ual organs from spring to autumn, over approximately 6 months,
agreeing with the period described in another study for Chara sp.
(Vromansetal.,2013). However, the different geographical position
of both studied sites resulted in a delay of 40-43 days in the sexual
reproduction of C. hispida from the Swiss population with regard
to the Spanish one, in accordance with that forecasted by Hopkins’

Bioclimatic Law (Hopkins, 1918). Although regional and local con-
ditions can influence the observed outcome, our results indicate
that this law might currently be used to approximately predict C.
hispida phenology throughout Europe. It should be noted that ripe
antheridia appeared before ripe oogonia throughout the growing
season, as previously noticed in Calero et al. (2015) for the Spanish
population. In fact, protandryis alargely described phenomenon for
charophytes (Guerlesquin, 1987). In this study, the detected time
lag between the two phenological stages seems to be determined
by the sampling period. In other Swiss populations of C. hispida,
however, we have observed a time lag of approximately just one
week (Auderset Joye and Rey-Boissezon, unpublished results).
The phenology of the studied Spanish population differed
remarkably as a function of the depth where the specimens grew.
The reproductive season (6 months) in deeper water started in
March, whereas the conditions in shallower water advanced repro-
ductive events, already started in winter. In fact, the specimens
from shallower water produced at least some gametangia, par-
ticularly antheridia, in every month of the year. This advanced
reproductive onset, as well as the later end of the reproductive
period in shallower water, lengthened the reproductive season (8
months) compared to deeper growing populations. Several studies
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January as the biofix date in all cases for a better comparison between depths.

have shown earlier onset dates and the lengthening of the season as
consequences of climate change, and its associated warming condi-
tions, in several populations and communities (Fitchettetal.,2015),
indicating their potential effect on a better fitness and survival
for some species (Forrest and Miller-Rushing, 2010). In shallower
water, in spite of the occurrence of gametangia most of the year,
spring concentrated the highest frequencies of fertile specimens,
which presented a higher production of sexual organs than speci-
mens growing in deeper waters (Calero and Rodrigo, unpublished
results). Other studies also reported increased sexual reproduction
rates for charophytes in shallower depths (Asaeda et al., 2007).

In the Swiss pond, C. hispida started producing gametangia later
(April) than in lower latitudes, although it took 6 months to achieve
the whole reproductive cycle, comparable to the deeper site in LNC.
The first ripe gametangia in deeper water was delayed by about
1-2 weeks compared to shallower water (<250 cm). As the season
progressed, however, C. hispida shoots grew towards the surface
and were consequently less affected by depth.

4.2. Heat for sex: effects of temperature and GDD

The C. hispida population from the Spanish pond produced its
first sexual organs at a daily mean water temperature (DMT) of
approximately 10°C, a lower value than that of the Swiss popu-
lation (HAI). In HAI specimens started producing gametangia at
around 15 °C, the minimum temperature typically described in the
literature for charophyte reproduction (Guerlesquin, 1987). These
reproductive events in HAI happened when water DMT increase
was maximal, thus at the spring onset according to our curve fit-
ting analysis. However, C. hispida from LNC already had gametangia
and started ripening them at the spring onset key date for water
temperature. This difference in the biological responses to the key
dates suggests that DMT is not the best predictor for phenological
events, and that other factors are triggering reproductive events in
C. hispida.

Different field experiments with charophytes have shown that
Chara sexually reproduces more in spring and summer than in

autumn (Bonis et al., 1993; Warwick and Brock, 2003). So, sea-
sonal temperature may be useful to understand the environmental
requirements of the species. However, underwater Spanish and
Swiss temperatures differed by less than 1 °C on average during the
spring of 2014 (by comparing the two sites with more similar con-
ditions), so neither does this metric seem relevant when studying
the spring phenology of these populations.

Growing degree day models have proved to be highly accurate
at predicting the phenology of a given species (Pau et al., 2011)
through the description of the heat range needed to develop to the
next stage in its life cycle (Miller et al., 2001). Very few publications
have applied the GDD approach to charophytes. Rey-Boissezon
(2014) showed the importance of accumulated heat to explain the
sterility or fertility of Nitellopsis obtusa specimens, whereas Calero
et al. (2015) described how different species of charophytes, even
from the same particular aquatic ecosystem, have distinct heat
requirements in order to become fertile. Although there is no infor-
mation about GDD requirements for C. hispida in the literature, a
study in a pond close to HAI in 2012 showed similar GDD values
for each phenophase (Ben Meftah, 2014). In the current study, the
growing degree day model proved to be valid for the first detec-
tion of unripe (409-420 GDD) and ripe gametangia (601-772 GDD),
as C. hispida from both ponds showed close values. For the shal-
lower population from the Spanish pond, accumulated heat during
the previous autumn and winter explained the advanced reproduc-
tive onset. The beginning of oospore maturation, however, needed
more heatin HAI than in LNC, and the heat accumulation difference
also seemed sufficient to lengthen the reproductive season in the
lower latitude by two months. Trudgill et al. (2005) showed that
increasing latitude decreases the low threshold of temperature for
a species, and increases its GDD requirements. In the current com-
parison, the first statement is not supported since the daily mean
temperature at which the gametangia appeared and matured was
higher in the Swiss pond. The second statement is fulfilled as GDD
values for the maturation of gametangia and oospores tended to
be higher in the pond located at a higher latitude (HAI). Further
studies will allow us to better determine the heat ranges for repro-
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Fig. 6. Summary life history of Chara hispida according to both studied populations (see differences in 3.5. Reproductive phenology of Chara hispida). The approximate ranges of
days and accumulated heat needed to reach each phenological stage are indicated. Photographs of sterile specimens allow comparison of the general morphology differences
between the population from Llacuna Nova del Canyar (LNC, Spain) and Etang Robert Hainard (HAI, Switzerland).

ductive events on charophytes. However, our results suggest that
heat accumulation alone is insufficient to explain all the differences
observed. Other factors, such as light, surely affect the reproductive
timing of the species.

4.3. Other factors: effect of light

In HAIL, where daily temperature was almost the same through-
out the water column, the higher values of light received in
shallower water also contributed to the different timing of pheno-
logical events when comparing shallow and deeper populations.
Casanova (1994) found that transferring Chara australis from a
depth of 105cm to 54cm, and therefore receiving higher solar
radiation, increased the amount of reproductive specimens. The
development of gametangia in charophytes is related to the stor-
age of photoassimilates in vacuoles (Kirst et al., 1988). Besides, the
physiological activities of hormones that largely depend on light
(such as auxins and gibberellins) also produce photoreactions on
gamentangia (Maszewski, 1980). Experiments with Chara vulgaris
have shown how higher irradiances and longer days produced an
early reproduction onset (Wang et al., 2008). Sato et al. (2014),
however, described that shoots of Chara braunii had their best
reproductive fitness under low-light conditions (10 umol m—2s-1),
whereas they did not form gametangia under, what they called,
high-light conditions (70 wmolm~2s~1). Although there are no
in situ data for the period of this study in the Spanish pond, Sato’s

values of irradiance are far from the up to 200 pmolm=2s-1 of
underwater radiation measured in further periods at 40 cm from
the water surface in the deeper area of LNC. As for accumulated
heat, light requirements for gametangia development seem to be
species-specific in charophytes.

Light differences due to latitude may also be affecting the repro-
ductive onset of C. hispida. At the location of the Spanish pond,
approximately 2700h of sunlight were accumulated over 2014
(ECA dataset, Klein Tank et al., 2002), almost 1000 h more than at
the Swiss location (1860 h; MétéoSuisse, 2015). As for accumulated
heat, phenological events needed less sunlight at the lower latitude.

Studies in plant development have shown great molecular inter-
action between light and temperature signalling pathways for
flowering (Franklin, 2009), indicating that both factors act together
to trigger reproductive processes. Disentangling the effect of both
factors on the reproduction of charophytes is complex and con-
troversial (Rey-Boissezon, 2014). Since each species adapts and
acclimatizes to different environmental conditions, further case
studies and complementary laboratory experiments are needed to
understand the synergistic role of light and temperature on the
phenology of C. hispida and this macrophyte group.

4.4. Final remarks and conclusions

This study represents the first attempt to compare geographi-
cal differences of charophyte phenology. The effect of geography
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is important to understand the potential effect of future increases
in temperatures at different latitudes, particularly higher ones. The
current global warming trend is causing an advance of the spring
onset, and this process is latitude dependent (Parmesan, 2007).
Thus, climate change could be affecting the fulfilment of Hop-
kins’ Law. This study was exploratory and, therefore, comparatively
long-term, inter-site and multi-latitude studies are needed to accu-
rately define the interactive influences of all environmental factors
(particularly temperature and solar radiation) on charophyte phe-
nology and to provide a deeper understanding of the suitability
of the application of Hopkins’ Law for aquatic ecosystems. For the
moment, with the data obtained in this study, we can say that (i)
temperature is one of the most important drivers of charophyte
reproductive phenology, and (ii) accumulated heat (GDD) rather
than daily mean temperature has to be known to predict pheno-
logical events.

If the foreseeable warming in Switzerland continues (an approx-
imate increase of 3-5 °Cin air temperature by the end of the century
—(CH2011,2011), the same difference currently measured between
the studied Spanish and Swiss ponds), we can foresee that the
sexual events of C. hispida would be advanced by more than one
month, considerably lengthening the reproductive season of the
macrophyte species.

Acknowledgments

Sara Calero is the holder of a grant from the Spanish government
(Ministry of Education, Culture and Sport: FPU13/02254) and con-
ducted part of this work during a research stay (also funded by the
Spanish Ministry of Education, Culture and Sport: EST14/00308) in
the University of Geneva. We are thankful to William Colom and
Lila Reinhard, who kindly helped with the field work in LNC, to
Carmen Rojo and José Benavent-Corai for their contributions on
the calculations of the key dates for temperature, and to Mario
Sendra (Statistics Department, UV) for useful statistical advice.
Matthieu Lasalle took the aerial photograph from LNC. We also
acknowledge the permission to study the Spanish pond facilitated
by Oficina Técnica Devesa-Albufera (Ajuntament de Valéncia), and
Servei de Parcs Naturals and Servei de Vida Silvestre from Direccié
General del Medi Natural of Conselleria d’Infraestructures, Territori i
Medi Ambient (Generalitat Valenciana). The research group led by Dr.
Miguel Martin from the Institute of Aquatic Engineering and Envi-
ronment (UPV, Spain) provided the water chemistry data from LNC.
We are grateful to the Direction Générale de la Nature et du Paysage
(Etat de Genéve) which authorized and funded the monitoring of the
Swiss pond and to Serge Mermod who helped to design the Swiss
data loggers device. The SECOE (Service de I'Ecologie de I'Eau — Etat
de Genéve) measured part of the water parameters from the Swiss
pond. English was edited by Daniel Sheerin (Online English S.C.).

References

AEMET, 2012. Guia Resumida del Clima en Espaifia (1981-2010). Agencia Estatal de
Meteorologia, Direccién de Produccién e Infraestructuras, Madrid.

Asaeda, T., Rajapakse, L., Sanderson, B., 2007. Morphological and reproductive
acclimations to growth of two charophyte species in shallow and deep water.
Aquat. Bot. 86, 393-401.

Auderset Joye, D., Rey-Boissezon, A., 2015. Will charophyte species increase or
decrease their distribution in a changing climate? Aquat. Bot. 120, 73-83.

Auderset Joye, D., Schwarzer, A., 2012. Liste rouge Characées: Espéces menacées en
Suisse, état 2010: L'environnement pratique. Office fédéral de I'environnement
OFEV — Laboratoire d’écologie et de biologie aquatique (LEBA) de I'Université
de Genéve, Berne.

Auderset Joye, D., Castella, E., Lachavanne, ].B., 2002. Occurrence of Characeae in
Switzerland over the last two centuries. Aquat. Bot. 72, 369-385.

Ausin, L, Alonso-Blanco, C., Martinez-Zapater, J., 2005. Environmental regulation of
flowering. Int. J. Dev. Biol. 49, 689-705.

Baastrup-Spohr, L., Lensmann Iversen, L., Dahl-Nielsen, ., Sand-Jensen, K., 2013.
Seventy years of changes in the abundance of Danish Charophytes. Freshwater
Biol. 58, 1682-1693.

Badeck, F.W., Bondeau, A., Bottcher, K., Doktor, D., Lucht, W., Schaber, J., et al., 2004.
Responses of spring phenology to climate change. New Phytol. 162, 295-309.

Ben Meftah, N., 2014. Cycle de vie des characées et parameétres environnementaux
aux Teppes de Verbois (Genéve). Master Thesis. Université de Genéve, Geneva
http://archive-ouverte.unige.ch/unige:39866.

Benavent-Corai, J., 2015. Efectos ambientales a largo plazo sobre el fitoplancton de
la laguna de Las Madres (Madrid). Ph. D. Thesis. Universitat de Valéncia,
Valencia.

Bonis, A, Grillas, P., Wijck, C., Lepart, J., 1993. The effect of salinity on the
reproduction of coastal submerged macrophytes in experimental
communities. J. Veg. Sci. 4, 461-468.

CH2011, 2011. Swiss Climate Change Scenarios CH2011. C2SM, MeteoSwiss, ETH,
NCCR Climate, et OcCC, Zurich.

Calero, S., Colom, W., Rodrigo, M.A., 2015. The phenology of wetland submerged
macrophytes related to environmental factors. Limnetica 34, 425-438.

Casanova, M.T., 1994. Vegetative and reproductive responses of charophytes to
water-level fluctuations in permanent and temporary wetlands in Australia.
Mar. Freshwater Res. 45, 1409-1419.

Chuine, 1., 2010. Why does phenology drive species distribution? Philos. Trans. R.
Soc. B: Biol. Sci. 365, 3149-3160.

Fitchett, ].M., Grab, S.W., Thompson, D.I,, 2015. Plant phenology and climate
change: progress in methodological approaches and application. Prog. Phys.
Geogr. 39, 460-482.

Forrest, J., Miller-Rushing, AJ., 2010. Toward a synthetic understanding of the role
of phenology in ecology and evolution. Philos. Trans. R. Soc. B: Biol. Sci. 365,
3101-3112.

Franklin, K.A., 2009. Light and temperature signal crosstalk in plant development.
Curr. Opin. Plant Biol. 12, 63-68.

Guerlesquin, M., 1987. Recherches récentes sur les Charophycées: morphogenése
et reproduction sexuée: bulletin de la Société Botanique de France. Actualités
Botaniques 134, 17-30.

Hestir, E.L., Brando, V.E., Bresciani, M., Giardino, C., Matta, E., Villa, P., et al., 2015.
Measuring freshwater aquatic ecosystems: the need for a hyperspectral global
mapping satellite mission. Remote Sens. Environ. 167, 181-195.

Hopkins, A.D., 1918. Periodical Events and Natural Law as Guides to Agricultural
Research and Practice (No. 9). US Government Printing Office, Washington.

IPCC, 2014. Climate change 2014: synthesis report. In: Core Writing Team,
Pachauri, RK., Meyer, L.A. (Eds.), Contribution of Working Groups I, Il and III to
the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. IPCC, Geneva.

Johnson, J.B., Omland, K.S., 2004. Model selection in ecology and evolution. Trends
Ecol. Evol. 19, 101-108.

Kirst, G.O., Janssen, M.L.B., Winter, U., 1988. Ecophysiological investigations of
Chara vulgaris L grown in a brackish water lake: ionic changes and
accumulation of sucrose in the vacuolar sap during sexual reproduction. Plant
Cell Environ. 11, 55-61.

Klein Tank, A.M.G., Wijngaard, ].B., Kénnen, G.P., Bohm, R., Demarée, G., Gocheva,
A., et al,, 2002. Daily dataset of 20th-century surface air temperature and
precipitation series for the European Climate Assessment. Int. ]. Climatol. 22,
1441-1453.

Korsch, H., Raabe, U., van de Weyer, K., 2008. Verbreitungskarten der Characeen
Deutschlands. Rostocker Meeresbiologische Beitrage 19, 57-108.

Kozak, M., Wnuk, A., 2014. Including the Tukey mean-difference (Bland-Altman)
plot in a statistics course. Teach. Stat. 36, 83-87.

Kramer, K., Bijlsma, R/, Hickler, T., Thuiller, W., 2012. Why would plant species
become extinct locally if growing conditions improve? Int. J. Biol. Sci. 8,
1121-1129.

Krause, W., 1997. Band 18: charales (Charophyceae). In: Ettl, H., Gartner, G., Heynig,
H., Mollenhauer, D. (Eds.), Stibwasserflora von Mitteleuropa. Fischer, Stuttgart.

Los, 0., 1998. Linkages Between Global Vegetation and Climate. An Analysis Based
on Noaa Advanced Very High Resolution Radiometer Data. Ph.D. Thesis. Vrije
Universiteit, The Netherlands.

Luo, ], Li, X., Ma, R,, Li, F.,, Duan, H., Hu, W,, et al., 2016. Applying remote sensing
techniques to monitoring seasonal and interannual changes of aquatic
vegetation in Taihu Lake, China. Ecol. Indic. 60, 503-513.

Marchin, R.M.,, Salk, C.F., Hoffmann, W.A,, Dunn, RR,, 2015. Temperature alone
does not explain phenological variation of diverse temperate plants under
experimental warming. Global Change Biol. 21, 3138-3151.

Maszewski, J., 1980. The effect of light factor on the development of thallis and
generative organs in Chara vulgaris L. Acta Societatis Botanicorum Poloniae 49,
397-407.

MATLAB, 2015. Version 8.5.0. - R2015a. The MathWorks Inc., Natick,
Massachusetts, United States of America.

MétéoSuisse, 2015. Bulletin climatologique année 2014. Office fédéral de
météorologie et de climatologie MétéoSuisse, Genéve.

Miller, P., Lanier, W., Brandt, S., 2001. Using Growing Degree Days to Predict Plant
Stages. Ag/Extension Communications Coordinator, Communications Services.
Montana State University-Bozeman, Bozeman.

Parmesan, C., 2007. Influences of species, latitudes and methodologies on
estimates of phenological response to global warming. Global Change Biol. 13,
1860-1872.


http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0005
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0010
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0015
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0020
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0025
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0030
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0030
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0030
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0030
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0030
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0030
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0030
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0030
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0030
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0030
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0030
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0030
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0035
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0040
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0040
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0040
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0040
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0040
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0040
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0040
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0040
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0040
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0040
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0040
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0040
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0040
http://archive-ouverte.unige.ch/unige:39866
http://archive-ouverte.unige.ch/unige:39866
http://archive-ouverte.unige.ch/unige:39866
http://archive-ouverte.unige.ch/unige:39866
http://archive-ouverte.unige.ch/unige:39866
http://archive-ouverte.unige.ch/unige:39866
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0050
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0055
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0060
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0065
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0070
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0075
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0080
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0085
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0090
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0095
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0100
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0105
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0110
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0115
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0115
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0115
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0115
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0115
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0115
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0115
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0115
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0115
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0115
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0115
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0115
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0115
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0120
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0125
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0130
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0130
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0130
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0130
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0130
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0130
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0130
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0130
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0130
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0130
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0130
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0135
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0140
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0145
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0150
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0155
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0160
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0165
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0170
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0170
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0170
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0170
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0170
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0170
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0170
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0170
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0170
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0170
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0170
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0170
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0170
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0175
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0175
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0175
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0175
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0175
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0175
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0175
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0175
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0175
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0175
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0175
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0175
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0175
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0180
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0185

S. Calero et al. / Aquatic Botany 136 (2017) 71-81 81

Pauy, S., Wolkovich, E.M., Cook, B.I., Davies, T.J., Kraft, N.J.B., Bolmgren, K., et al.,
2011. Predicting phenology by integrating ecology, evolution and climate
science. Global Change Biol. 17 (3633-3643.7).

Pettorelli, N., Vik, ].O., Mysterud, A., Gaillard, ].M., Tucker, CJ., Stenseth, N.C., 2005.
Using the satellite-derived NDVI to assess ecological responses to
environmental change. Trends Ecol. Evol. 20, 503-510.

R Core Team, 2015. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria http://www.R-project.
org.

Resco, V., Hartwell, J., Hall, A., 2009. Ecological implications of plants’ ability to tell
the time. Ecol. Lett. 12, 583-592.

Rey-Boissezon, A., 2014. Distribution et dynamique des communautés de
Characées: Impact des facteurs environnementaux régionaux et locaux. Ph.D.
Thesis. Université de Genéve, Geneva.

Rolinski, S., Horn, H., Petzoldt, T., Paul, L., 2007. Identifying cardinal dates in
phytoplankton time series to enable the analysis of long-term trends.
Oecologia 153, 997-1008.

Sacks, W.]., Kucharik, C.J., 2011. Crop management and phenology trends in the US
Corn Belt: impacts on yields, evapotranspiration and energy balance. Agric.
For. Meteorol. 151, 882-894.

Sato, M., Sakayama, H., Sato, M., Ito, M., Sekimoto, H., 2014. Characterization of
sexual reproductive processes in Chara braunii (Charales, Charophyceae).
Phycol. Res. 62, 214-221.

Schneider, S.C., Garcia, A., Martin-Closas, C., Chivas, A.R., 2015. The role of

charophytes (Charales) in past and present environments: an overview. Aquat.

Bot. 120, 2-6.

Schwartz, M.D., 1998. Green-wave phenology. Nature 394, 839-840.

Simons, J., Nat, E., 1996. Past and present distribution of stoneworts (Characeae) in
The Netherlands. Hydrobiologia 340, 127-135.

Soulié-Marsche, 1., Garcia, A., 2015. Gyrogonites and oospores, complementary
viewpoints to improve the study of the charophytes (Charales). Aquat. Bot.
120, 7-17.

Soulié-Marsche, 1., 2008. Charophytes, indicators for low salinity phases in North
African sebkhet. . Afr. Earth Sci. 51, 69-76.

Spencer, D.F,, Ksander, G.G., 2001. Field evaluation of degree-day based equations
for predicting sprouting of hydrilla (Hydrilla verticillata) turions and tubers. J.
Freshwater Ecol. 16, 479-486.

Spencer, D.F., Ksander, G.G., Madsen, ].D., Owens, C.S., 2000. Emergence of
vegetative propagules of Potamogeton nodosus, Potamogeton pectinatus,
Vallisneria americana, and Hydrilla verticillata based on accumulated
degree-days. Aquat. Bot. 67, 237-249.

Trudgill, D.L., Honek, A.D.L.IL, Li, D., Van Straalen, N.M., 2005. Thermal time
—concepts and utility. Ann. Appl. Biol. 146, 1-14.

Vromans, D.C., Adams, ].B., Riddin, T., 2013. The phenology of Ruppia cirrhosa
(Petagna) Grande and Chara sp. in a small temporarily open/closed estuary,
South Africa. Aquat. Bot. 110, 1-5.

Walther, G.R,, Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T.].C,, et al.,
2002. Ecological responses to recent climate change. Nature 416, 389-395.

Wang, H., Yu, D,, Xiao, K., 2008. The interactive effects of irradiance and
photoperiod on Chara vulgaris L.: concerted responses in morphology,
physiology, and reproduction. Hydrobiologia 610, 33-41.

Warwick, N.W.,, Brock, M.A., 2003. Plant reproduction in temporary wetlands: the
effects of seasonal timing, depth, and duration of flooding. Aquat. Bot. 77,
153-167.

Zavalloni, C., Andresen, J.A., Flore, ].A., 2006. Phenological models of flower bud
stages and fruit growth of ‘Montmorency’ sour cherry based on growing
degree-day accumulation. . Am. Soc. Hortic. Sci. 131, 601-607.


http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0190
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0195
http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
http://www.R-project.org
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0205
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0210
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0215
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0220
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0225
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0230
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0235
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0235
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0235
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0235
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0235
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0235
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0235
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0240
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0245
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0250
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0255
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0260
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0265
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0265
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0265
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0265
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0265
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0265
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0265
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0265
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0265
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0265
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0265
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0265
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0265
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0270
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0275
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0275
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0275
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0275
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0275
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0275
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0275
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0275
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0275
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0275
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0275
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0280
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0285
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290
http://refhub.elsevier.com/S0304-3770(16)30116-4/sbref0290

	Time and heat for sexual reproduction: comparing the phenology of Chara hispida of two populations at different latitudes
	1 Introduction
	2 Methods
	2.1 Study sites
	2.2 In situ temperature recording
	2.3 Calculations and statistics related to temperature data
	2.4 Sunlight data
	2.5 Measurement of other limnological variables
	2.6 Specimen collection, observation and analysis

	3 Results
	3.1 Limnological features
	3.2 Daily mean temperature (DMT) dynamics and key dates
	3.3 Seasonal temperature
	3.4 Accumulated heat
	3.5 Reproductive phenology of Chara hispida

	4 Discussion
	4.1 Time for sex: effects of latitude and depth
	4.2 Heat for sex: effects of temperature and GDD
	4.3 Other factors: effect of light
	4.4 Final remarks and conclusions

	Acknowledgments
	References


