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and nutritive value of three natural populations of Dactylis
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Abstract Dactylis glomerata L. is a widespread
perennial grass species, which has been reported to be
adapted to shaded conditions. Its populations thrive in a
variety of environments. However, little information is
available concerning the comparative response of its
natural populations from contrasting environments
under the reduced light intensity conditions that exist
in silvopastoral systems. The objective of the present
study was to estimate the comparative ability of three
populations of D. glomerata from northern, central and
southern Greece to grow under full sun, 60 % shade and
90 % shade in terms of their growth characteristics,
phenotypic plasticity, dry matter production and nutri-
tive value. Shade reduced tillering and dry matter
production, increased tiller height and modified leaf
characteristics. Under shade fewer leaves were grown
simultaneously on the same tiller, but these were longer
and thinner compared to full sun. Differentiation in
response to shade among the populations examined of
D. glomerata was observed mainly for leaf
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characteristics. The population from Pertouli (central
Greece) responded better, particularly to moderate
shade as it had a higher leaf area, longer leaf and higher
dry matter production, compared to the others. Evidence
for adaptive phenotypic plasticity to moderate shade
was suggested only for this population. Additionally,
Pertouli had higher nutritive value compared to Taxi-
archis (northern Greece) and Crete (southern Greece)
under shade. The divergent responses of natural popu-
lations of D. glomerata could justify breeding germ-
plasm with enhanced shade tolerance.

Keywords Silvopastural systems - Forage -
Orchardgrass - Shade adaptation

Introduction

Light interception in silvopastoral systems affects the
growth and development of understorey herbaceous
vegetation in various ways (Dodd et al. 2005).
Generally, herbage production decreases as light
intensity decreases, due to reduced photosynthesis
and modification of leaf and tiller anatomy (Devkota
and Kemp 1999). Shaded plants usually have higher
specific leaf area, thinner but wider leaves and lower
leaf area ratio, than unshaded plants (Ciavarella et al.
2000a; Wahl et al. 2001; Zhai et al. 2006). Further-
more, shade affects the rate of leaf development and
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tiller appearance (Devkota et al. 1998; Monaco and
Briske 2001; Wherley et al. 2005; Lemaire et al. 2009)
with a consequent effect on herbage production.

The modification of leaf morphology is a type of
phenotypic plasticity by which individual plants in
natural populations cope with shade (Pigliucci 2001).
The phenotypic response to environmental stress of
plants could be the consequence of passive reductions in
growth due to resource limitation (Dorn et al. 2000; van
Kleunen et al. 2000). However, in many cases, the
phenotypic responses increase plant function and fitness
under specific environmental conditions; this can be
defined as adaptive phenotypic plasticity (Sultan 1995).
The adaptive significance of plasticity is generally
accepted only for a few plant traits. Leaf elongation in
response to shade is one of these (Dudley and Schmitt
1995; Schmitt et al. 1995). However, differentiation in
plasticity to shade among populations has been reported
for several herbaceous species (Winn and Evans 1991;
Donohue et al. 2001; Avramov et al. 2007). This
differentiation could be the result of differences in
plastic response to shade (Dudley and Schmitt 1995)
resulting from differences in genetic variation between
populations and/or of environmental differences in the
habitat of origin (Donohue et al. 2000).

Introduction of shade tolerant grass species in
silvopastoral systems in many cases increases herbage
production and its nutritive value (Munoz and Weaver
1999). Moreover, the use of the most shade tolerant
cultivars of selected species (Feldhake and Belesky
2005) will be also important for successful silvopastoral
management. From this point of view, natural popula-
tions of the species are an important source of
germplasm for cultivar development. Differences in
the response of grass species to shade in terms of plant
growth, morphology and nutritive value have been
reported in many studies. However, there is limited
information about differences in response to shade
among populations of the same plant species that grow
in contrasting environments.

Dactylis glomerata L. is a widespread perennial
grass species, which has been reported as well adapted
to shaded conditions (Lin et al. 1999; Peri et al. 2001;
Devkota et al. 2009). Peri et al. (2007) reported it as one
of the most tolerant grass species in New Zealand
agroforestry systems, while studies from the Mediter-
ranean region have also suggested it as a suitable
species for introduction in silvopastoral systems (Ko-
ukoura and Kyriazopoulos 2007; Kyriazopoulos et al.
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2013). Although its populations thrive in a variety of
environments, little information is available concern-
ing their plastic response under the reduced light
intensity conditions existing in silvopastoral systems.
However, the understanding of growth characteristics,
dry matter production and nutritive value is important
for sustainable utilization of D. glomerata swards, and
it may also help forage breeders in selecting superior
genotypes with improved performance under shading.

The primary objective of this paper was to study
natural populations of D. glomerata in relation to various
shading treatments. The specific objectives were to
estimate the comparative ability of the studied popula-
tions to grow under shade in terms of their growth
characteristics, phenotypic plasticity, dry matter produc-
tion and nutritive value. The following questions are
proposed: (1) Do populations of D. glomerata from
different habitats respond differently under shade? (2)
Are there differences in phenotypic plasticity to shade
between the studied populations? (3) Do the populations
differ in their nutritive value under shade?

Materials and methods
Selection of plant material

Three populations of D. glomerata from north, central
and south Greece growing in different habitats were

Fig. 1 Geographic locations of Dactylis glomerata natural
populations used in the present study, (T): Taxiarchis, (P):
Pertouli, (C): Crete



Agroforest Syst (2014) 88:287-299

289

Table 1 Geographic locality and ecological description of collection sites of natural populations of Dactylis glomerata in Greece

(Gr)

Geographic localities Geographic data Climatic data

Collection Sites

Latitude Longitude Temperature (°C)

mean annual

Max Min

Precipitation mean annual (mm) Altitude (m) Habitat

Taxiarchis North Gr.  40°23' 23°28' 15 5 800 650-800 Oak Forest®

Pertouli Central Gr. 39°35’ 21°32/ 13 3 1,300 1,300-1,100  Fir forest®
Grassland®

Crete South Gr. 35°8’ 25°30/ 28 5 800 1,000-1,300 Phrygalnicd

4 Qak forest Quercus frainetto Ten, Dactylis glomerata L., Brachypodium sylvaticum (Huds.) P. Beauv., Carex sp

® Fir forest Abies borisii regis Mattf., Dactylis glomerata L., Trifolium sp., Brachypodium sp

¢ Grassland, Lolium perenne L., Platango lagopus L., Trifolium repens L.

4 Phryganic intermixed with herbaceous species, Sarcopoterium spinosum (L.) Spach., Euphorbia acanthothamnos, Heldr. et Sart.,
Dactylis glomerata L. Hordeum bulbosum L., Cynodon dactylon (L.) Pers

used (Fig. 1; Table 1). Vegetative tillers were ran-
domly selected from individual plants in each site.
One tiller from each plant was transplanted into a
plastic pot filled with organic matter in autumn 2007.
These were placed in a greenhouse for 2 months. A
study of morphological characteristics of the above
populations was carried out (Madesis et al. 2013).
Based on this study, 18 plants with average morpho-
logical characteristics for each population i.e. a total of
54 plants, were selected and transplanted to 54 plastic
pots (30 cm diameter, 30 cm depth) filled with surface
soil (0-20 cm) from the Aristotle University farm..
The plants which were intended for use in the shading
treatments were subjected to shade a month before the
onset of the experiment.

Establishment of the experiment

The experiment was conducted at the farm of the
Aristotle University of Thessaloniki, Northern Greece
(40"32'N, 22°59'E), at an altitude of 10 m above sea-
level. The climate according to the bioclimatogram of
Emberger (1942) is characterized as Mediterranean
semiarid with cold winters. The mean annual precipita-
tion is 443 mm and the mean annual temperature is
15.5 °C. The mean temperature was 17 °C for both the
experimental periods of 2009 and 2010, while mean
precipitation was 5 and 7 mm for the experimental period
in 2009 and 2010 respectively (Fig. 2).

Different shading levels 0 % (full sun), 60 % (mod-
erate shade) and 90 % (heavy shade) were applied.

The different shading levels were provided by shade
cloths placed over a greenhouse frame in the field.
Average light intensity as measured by a quantum
sensor (Li 190 SB, LiCor Biosciences, Lincoln, NE,
USA) was 1200 pmol m—2 s~' (100 % of the total
radiation), 480 pmol m > s~ (40 % of the total radi-
ation) and 120 pmol m%s™' (10 % of the total
radiation), respectively. Of the 54 pots, eighteen (six
pots from each of the three population) were placed
under the above shading levels at the end of February
2009. All pots were randomized within each shading
treatment biweekly and were irrigated to field capacity
once a week. Plants were maintained in an open area
after the end of the experimental period until February
2010, when they were subjected to the same treatments
as in 2009.

Measurements

In each pot, two tillers with four leaves, located at the
edge of each pot were randomly selected and marked
with a plastic ring. The number of tillers per pot, the
length of tillers from the base to the tip, and the length
of the leaf lamina between the ligule of the youngest
fully expanded to the tip of the emerging leaf were
measured weekly in each of the marked tillers, during
the growing season (April-May) for two consecutive
years (2009 and 2010). The following parameters were
calculated: Stem elongation rate (SER) = (T, — Ty)/
t, leaf elongation rate (LER) = (L, — L)/t, where T,
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Fig. 2 Mean weekly 60
temperature (°C) and
precipitation (mm) during
2009 and 2010

55 4

Precipitation (mm)

12 3

and L; are the tiller and leaf length at the beginning
and T, and L, are the tiller and leaf length respectively
at the end of a time (T), leaf appearance rate
(LAR) = 1/Ph, where Ph is the time (days) between
the appearance of two successive leaves, leaf elonga-
tion duration (LED) = (a)*Ph, where (a) is the
number of leaves growing simultaneously on the same
tiller and full leaf length (FLL) = (a)*(LER/LAR)
(Lemaire and Agnusdei 2000).

Leaf area index (LAI) was measured using an area
measurement system (Delta-T Devices, Cambridge,
UK) (Norman and Campbell 1991); the same sample
was then oven dried at 70 °C for 48 h in order to
determine dry weight. Specific leaf area (SLA) was
calculated as the ratio of leaf area to leaf dry weight.

The relative distances plasticity index (RDPI)
(Valladares et al. 2006) was used as an indicator of
comparison of phenotypic plasticity among the stud-
ied populations. This index is based on phenotypic
distances among individuals of a given population
exposed to different environments and was calcu-
lated for each population as: RDPI = ) (dy — i'j'/
(xvj + x;)))/n, where d;; — i'j’ is the absolute value of
the difference (Xyy — Xjj), n is the total number of
distances, x;; is the trait value of a given individual j
(j = 1,...6) subjected to light treatment i (i = 1...3)
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and Xyy is the trait value of a given individual j'
(j = 1,...6) subjected to light treatment i’ (i = 1...3).

Dry matter (DM) production by each plant was
clipped at 1 cm above ground level at the end of the
growing season in both years of the experiment (June
2009, June 2010), oven-dried at 60 °C for 48 h and
weighed. All the plant samples in 2009 were ground
through a 1 mm screen. The individuals of each
population in each shading level were mixed and two
samples of each treatment were analyzed for neutral
detergent fiber (NDF), acid detergent fiber (ADF), acid
detergent lignin (ADL) (Van Soest et al. 1991) and N
using the Kjeldahl procedure (AOAC 1990). Crude
protein was then calculated by multiplying the N
content by 6.25.

Experimental design and statistical analysis

Data for DM production, LAI, SLA, LER, LAR, LED
and FLL of the three populations, were analyzed in
each year as partly nested split-plot design with
populations nested in three shading treatments (Quinn
and Keough 2002) with six replications. The nutritive
value parameters of mixed samples were similarly
analysed. Data for the number of tillers, length
of tillers and SER were analysed as partly nested
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Table 2 Statistical significance of F ratios from the analysis of variance for Dry Matter production (DM) of Dactylis glomerata,
Tiller, SH, LAI, SLA, SER, LAR, LED, FLL, CP, NDF, ADF, ADL

2009 2010
Shade (S) Population (P) SXP Shade (S) Population (P) SXP

DM and leaf characteristics F,.15 = 3.68 Fr30 = 3.32 F4.30 = 2.69 F,.;5 = 3.68 Fr.30 = 3.32 F4.30 = 2.69

DM (g pot™ ") 8.457** 16.568** 1.750NS 115.822%* 61.453%%* 10.169%%*

Tiller (No pot™") 0.254NS 17.866** 1.440NS 6.820%* 16.575%* 1.143NS

SH (cm) 2.474NS 10.020%** 1.119NS 46.806** 0.202NS 1.675NS

LAI (cm?) 4.057%* 7.212%* 0.529NS 67.151%%* 49.201** 3.212%*

SLA (cm’g™h) 6.890%* 9.124%* 1.842NS 23.560% 6.397%% 0.883NS

SER (cm days™") 3.476NS 7.8927% 2.333NS 49.270%* 0.569NS 0.972NS

LAR (No days™") 14.569%* 1.563NS 1.615NS 36.435%%* 1.341INS 1.615NS

a (No) 8.024** 0.402NS 0.057NS 22.161%%* 0.340NS 1.505NS

LER (cm days™") 3.910%* 6.935%* 1.464NS 22.474%%* 27.081%%* 4.666%*

LED (d) 0.698NS 0.330NS 1.913NS 2.352NS 3.136NS 0.783NS

FLL (cm) 5.168%** 5.407** 2.853%#%* 61.117%* 9.941%#%* 4.723%%*
Nutritive value Fo.o = 4.26 Fy.13 = 3.55 Fs.15 = 2.93

CP (g kg~' DM) 93.474%:* 5.891%* 18.860%*

NDF (g kg~' DM) 9.134%%* 36.602%* 7.005%#

ADF (g kg™' DM) 20.697%* 21.971%% 9.048%*

ADL (g kg~' DM) 24,159 3.198%* 4.110%*

RDPI F.15=3.68 Fp30=13.32 Fy.30 = 2.69

LAI (cm?) 12.868%*%* 4.839%* 2.576NS

LER (cm days™") 5.854%#: 4.305%%* 2.345NS

FLL (cm) 5.045%% 5.106%* 4.225%%*

DM dry matter, SH stem height, LA/ leaf area index, SLA specific leaf area, SER stem elongation rate, LAR leaf appearance rate,
a leaves growing simultaneously on the same tiller, LER leaf elongation rate, LED leaf elongation duration, FLL full leaf length, CP
crude protein, NDF neutral detergent fiber, ADF acid detergent fiber, ADL acid detergent lignin, RDPI relative distances plasticity

index
** Significant (F Test at P < 0.05); NS P > 0.05

split—split-plot design in time with populations nested in
three shading treatments (Quinn and Keough 2002). The
general linear models procedure (SPSS 18 for Windows)
was used for ANOVA. The LSD at the 0.05 probability
level was used to detect differences among means (Steel
and Torrie 1980). The RDPI was calculated for those
phenotypic traits for which significant interaction
between populations and shading treatments was
observed and subjected to analysis of variance (SPSS
18 for Windows). Additionally, the adaptive value of the
above phenotypic traits revealing population differenti-
ation under shade was estimated by regression analysis.
The relationship between the phenotypic traits and
aboveground DM production under shade was evaluated
as a proxy for plant fitness across populations (Gianoli
and Gonzalez-Teuber 2005).

Results

Dry matter production and plant growth
characteristics

Shading significantly affected DM production,
LAI and SLA in both years of the experiment
(Table 2), while the number of tillers, SH and SER
were only affected in 2010. Significant differences in
DM production, number of tillers, LAI and SLA were
recorded among the tested populations (across shading
treatments) in both years, but only for SH and SER in
2009. Significant interaction was observed between
the shading treatments and the populations only for
DM production and LAI in 2010 (Table 2), indicating
that the populations differed in shading responses. The
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Table 3 The effect of shade level (across populations) on herbage production and leaf growth characteristics of natural populations

of Dactylis glomerata during the two years of the experiment (mean + SE)

2009 2010

0% 60 % 90 % 0 % 60 % 90 %
DM (g pot™ ") 3.9 £ 0.5a* 3.1 £0.4b 1.5 £0.2¢c 7.8 £ 0.8b 3.1 £ 0.4a 2.0+ 0.3c
Tiller (No pot™") 39 £1.2 39+ 1.1 38+1.3 61 £ 1.6a 55 £ 1.5b 50 £ 1.6¢
SH (cm) 7.1 £0.1 76 £0.2 75 £0.1 7.0 £ 0.1c 10.5 £ 0.2a 10.2 £ 0.2b
LAI (cm?) 25 £ 1.4b 30£ 1.7a 21 £ 1.5b 35 £ 1.4b 39 £ 1.6a 28 £ 1.5¢
SLA (cm? g™ ") 7 £ 0.8b 11 £ 1.2a 12 £+ 1.0a 6 £ 0.7b 13 &£ 0.9a 14 £+ 1.1a
SER (cm day ") 0.09 £ 0.003 0.12 £ 0.005 0.10 £ 0.007 0.07 £ 0.004b 0.13 £ 0.009a 0.12 £ 0.009a
LAR (No day™ ") 0.09 £ 0.006a  0.07 = 0.004b 0.06 £+ 0.002b 0.10 £ 0.004a 0.07 £ 0.004b 0.07 £ 0.002b
a (No) 1.7 £ 0.08a 1.4 £ 0.09b 1.1 £ 0.05¢ 1.9 £ 0.05a 1.4 £ 0.10b 1.3 £ 0.06¢
LER (cm day ™) 1.1 & 0.06ab 1.2 & 0.06a 1.0 £+ 0.03b 1.0 & 0.03b 1.2 £ 0.05a 0.9 £ 0.04c
LED (days) 19.6 £ 0.8 19.2 £ 0.7 18.7 £ 0.8 18.6 £ 0.6 202 £ 0.8 18.6 = 0.7
FLL (cm) 22 £ 1.3ab 23 £ 1.5a 19 &+ 0.8b 17 £ 0.4b 24 £ 0.6a 16 = 0.7b

SH stem height, LAl leaf area index, SLA specific leaf area, SER stem elongation rate, LAR leaf appearance rate, a leaves growing

simultaneously on the same tiller, LER leaf elongation rate, LED leaf elongation duration, FLL full leaf length

Different letters in each row for the same year indicate significant differences (* P < 0.05)

date of measurement significantly affected the number
of tillers, which progressively increased from the first
to the last measurement date (data not shown).

DM production across populations was signifi-
cantly reduced by 21 and 60 % in 2009 and 2010
respectively under 60 % shade (Table 3), compared to
DM production under full sun. However, this reduc-
tion was even higher under 90 % shade (61 and 74 %
respectively). The population from Crete had the
lowest DM production (across shading treatments) in
both years of the experiment (Table 4). Concerning
the other two populations, there were no significant
differences in 2009, while Pertouli had significantly
higher DM production compared to Taxiarchis in
2010.

The effect of shade varied between the tested
populations in 2010. Specifically, Pertouli had signif-
icantly higher DM production than Taxiarchis under
both 60 and 90 % shade (Fig. 3a), but they did not
significantly differ under full sun. Additionally, DM
production of Taxiarchis and Crete decreased signif-
icantly between the 60 and 90 % shade treatments
(Fig. 3a), while of Pertouli did not significantly differ
between them.

The number of tillers significantly decreased
whereas SH and SER increased from sun to shade
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in 2010 (Table 3). Pertouli had the highest and
Crete the lowest number of tillers in 2009, while
Pertouli and Crete had the highest and Taxiarchis
the lowest number of tillers in 2010 (Table 4).
Additionally, Taxiarchis had the highest SH and
SER and Crete the lowest in 2009, whereas there
were no significant differences between populations
in 2010.

Overall, LAI (across populations) was greatest
under 60 % shade (Table 3) and was lowest (across
shading treatments) for Crete in both years (Table 4).
LAI of Pertouli was significantly higher than in
Taxiarchis under 60 and 90 % shade level (Fig. 3b)
in 2010. Shade levels of 60 and 90 % significantly
increased SLA by 51 and 64 % respectively in 2009,
while this increase was much higher in 2010, reaching
130 and 134 % respectively (Table 3). SLA was
highest for the population from Crete in both years
(Table 4).

Leaf growth characteristics

Shading effects on LAR, (a), LER and FLL were
significant for both experimental years, but was not
significant for LED (Table 2). Significant differ-
ences were detected among the tested populations
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Table 4 The effect of populations (across shade level) on herbage production and leaf growth characteristics of individuals of
Dactylis glomerata during the two years of the experiment (mean + SE)

2009 2010

Taxiarchis Pertouli Crete Taxiarchis Pertouli Crete
DM (g pot™ ") 3.3 £ 04a* 3.5+ 0.5a 1.7 £ 0.2b 4.8 £ 0.9b 6.1 + 0.8a 1.9 £ 0.3c
Tiller (No pot™") 39 + 1.0b 44 £ 14a 34 + 0.9¢ 47 £ 1.3b 59 + 1.6a 60 £ 1.7a
SH (cm) 8.0 £0.2a 7.4 £+ 0.1b 6.8 + 0.1c 9.1 £0.2 94 4+ 0.2 9.3+ 0.2
LAI (cm?) 25 + 1.5a 29 + 2.4a 21 + 1.6b 35+ 1.8b 39 + 1.2a 28 £+ 1.2¢
SLA (cm? g™h 8 + 0.6b 10 + 1.1b 13 £+ 1.2a 10 £ 1.2b 9+ 1.4b 13 £ 1.0a
SER (cm days™") 0.12 + 0.007a 0.10 £ 0.004b 0.09 £+ 0.003¢ 0.10 £ 0.008 0.11 + 0.009 0.11 £ 0.007
LAR (No days™") 0.07 £ 0.004 0.08 + 0.004 0.08 + 0.006 0.08 £ 0.005 0.08 + 0.005 0.08 £ 0.006
a (No) 1.4 £ 0.09 1.4 £ 0.10 1.4 £ 0.10 1.5 £ 0.10 1.5 £ 0.09 1.6 £ 0.11
LER (cm days™") 1.1 £+ 0.04b 1.2 £+ 0.06a 1.0 £+ 0.05b 1.0 £ 0.04b 1.1 £ 0.07a 0.9 &+ 0.04c
LED (days) 19.6 + 0.9 19.2 £ 0.9 18.7 £ 0.6 182 £ 0.8 184 £ 0.6 20.3 £ 0.6
FLL (cm) 22 £+ 1.2a 23 + 1.3a 18 + 1.0b 19 + 0.9b 21 + 1.1a 18 + 0.9b

SH stem height, LA leaf area index, SLA specific leaf area, SER stem elongation rate, LAR leaf appearance rate, a leaves growing
simultaneously on the same tiller, LER leaf elongation rate, LED leaf elongation duration, FLL full leaf length

* Different letters in each row for the same year indicate significant differences (P < 0.05)

an LSD =1.36 b 2
N — LSD =0.09
~— 10 i Taxiarchis s .
"Is 8 - Pertouli E : 4
;“n 6 . Crete S 1 _ 25
_ - &
= ¢ 5 : § = 05
a2 : =
0 T 1 0+ T T |
0% 60% 90% 0% 60% 90%
Shade level Shade level
50 - 28 7 B
¢ LSD =0.08 d 26 - - LSD =0.06
451 I 24 .
& I = 22 4
40 = £ T -
E 4 [T)
o - ~ O 204 L
= 351 . . - 18 - )
30 1 - + o 161 i §
= T 'Y 14
251 i 12 4
20 T T 1 10 T T 1
0% 60% 90% 0% 60% 90%
Shade level Shade level

Fig. 3 Dry matter (DM) (g potfl), leaf elongation rate (LER) (cm d™1), leaf area index (LAI) (cm?) and full leaf length (FLL) (cm)
(mean £ SE) for the populations of Dactylis glomerata from Taxiarchis, Pertouli and Crete under the full sun and shade levels

only for LER and FLL in both years (Table 2). There
was no significant interaction for LED, LAR and
(a) for both years, indicating that the shading effect on
the populations was consistent. Significant interaction
between shade and population was detected for FLL

for both years and for LER in 2010 (Table 2).

LAR (across populations) was highest under 0 %
shade during both years, while no significant differences
were detected between the other two shading treatments
(Table 3). Shading significantly reduced the number of
leaves present simultaneously on the same tiller (a),
while 60 % shade level significantly increased LER and
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FLL for both years of experiment. Generally, FLL did
not significantly differ between full sun and 90 % shade,
while LER was significantly higher in full sun compared
to 90 % shade.

LER and FLL (across the shading treatments) were
lowest and highest in Crete and Pertouli respectively,
during both years of the experiment (Table 4). The
populations responded differently to the shading
treatments for LER (Fig. 3c) and FLL during 2010
(Fig. 3d). Particularly, while the populations examined
had similar LER and FLL under full sun, Pertouli had
significantly higher LER and FLL values than Taxiar-
chis and Crete under shade in 2010 (Fig. 3c, d).

The regression analysis revealed a positive rela-
tionship of dry matter yield in shade with LAI (60 %:
r=081"=06,P <0.0590 %: =081 =0.7,
P < 0.05), with LER (60 %: r =05, 1> =0.3,
P <0.05; 90 %: r = 0.6, = 0.4, P <0.05) and
with FLL (60 %: ns, P < 0.05; 90 %: r = 0.6,
r’ =04, P < 0.05).

Phenotypic plasticity index

The RDPI phenotypic plasticity index for LAI was
significantly higher for Taxiarchis compared to Perto-
uli and Crete between full sun and 90 % shade and
between 60 and 90 % shade, but did not differ
significantly among populations between full sun
and 60 % shade (Fig. 4). Pertouli and Taxiarchis had
the highest and lowest RDPI respectively for LER and
FLL between full sun and 60 % shade and between
full sun and 90 % shade. Moreover, the RDPI for LER
did not significantly differ among the studied

Cre = LER
Per FLL
Tax m LAl

60-90

Per
Tax
Cre

0-90

0-60

Per
Tax

T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

Fig. 4 Relative distances plasticity index (RDPI) for natural
populations of Dactylis glomerata, Taxiarchis (Tax), Pertouli
(Per) and Crete (Cre) between full sun (0) to shade 60 %, full
sun (0) to shade 90 % and shade 60-90 %
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populations between 60 and 90 % shade, Pertouli
had significantly the lowest FLL value.

Nutritive value

Shading significantly affected CP, NDF, ADF and
ADL content (Table 5). Additionally, CP, NDF and
ADF differed significantly between populations, but
ADL was not. Significant interaction between the
shading treatments and populations was observed for
CP, NDF, ADF and ADL content (Table 2), indicating
that the shading effect was not consistent.

CP content across populations (Table 5) was
significantly higher under 90 % shade than under
60 % shade and full sun. CP content across shading
treatments was significantly higher in Pertouli than
in the other two populations examined (Table 6).
The CP concentration of the populations was
differed between shading treatments. Under the
60 % shade Pertouli had the highest CP content,
while under 90 % shade no significant differences
among populations were detected (Fig. 5a). On the
contrary, under full sun Taxiarchis had the highest
CP content (Fig. 5a).

Conversely, NDF content across populations
(Table 5) was significantly lower under 90 % shade than
under 60 % shade and full sun. ADF content across
populations was significantly lower under 60 % shade
with than under 90 % shade and full sun. NDF and ADF
content across shading treatments were significantly
higher in the Taxiarchis population than in the other two
populations (Table 6). NDF content of Pertouli and Crete
was generally lower under shade compared to full sun,
while that of Taxiarchis was higher (Fig. 5b). Shading did
not affect the ADF content of Pertouli, whereas the
corresponding value was reduced under 60 % shade in
Crete and under both shade levels in Taxiarchis (Fig. 5¢).

Table 5 The effect of shade (across populations) on chemical
composition (g kgfl DM) of populations of Dactylis glomer-
ata (mean £ SE)

Shade level CP NDF ADF ADL

Full sun 213 £ 2b* 544 £ 7a 289 £4a 33+ la
Shade 60 % 208 =2b 554 = 7a 269 =4b 26 £ 1b
Shade 90 % 234 +2a 519+ 7b 291 +4a 26=%1b

Different letters in each column indicate significant differences
(* P < 0.05)
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Table 6 Chemical composition (g kg~' DM) of populations
of Dactylis glomerata (across shade level) (mean £+ SE)

Population CP NDF ADF ADL

Taxiarchis 216 & 2b* 585+ 7a 302+4a 30%1a
Pertouli 224 £ 2a 525+ 7b 277 +4b 28 % la
Crete 214 £2b 508 +£7b 270+ 4b 27+ 1a

Different letters in each column indicate significant differences
(* P <0.05)

Both shading treatments significantly reduced ADL
content across populations (Table 5). No statistical
differences were detected for ADL content between
populations but ADL content was significantly reduced
when shading was applied for all the populations except
Pertouli (Fig. 5d). Under full sun, Pertouli had the
lowest ADL content, while under both shading treat-
ments Crete had the lowest ADL content (Fig. 5d).

Discussion

Dry matter production and growth characteristics

Shading reduced herbage production in all of studied
populations of D. glomerata. Joshi et al. (1999) and

|
| T I T

0% 60%
Shade level

a 250 LSD =8.63

200 4

150 4

100 -

CPgkg ' DM

90%

C 350 -
304 I

LSD =15.13

= X
2 250 -
"o 200
=z
o0 150 -
= 100
< 50
0- T
6

|
T
0% 0% 90%

Shade level

= 251
£ 20
:"15-
A 10
< 5 ]
0 .
6

Peri et al. (2007) also reported a significant reduction
of herbage production of irrigated D. glomerata under
shaded conditions. In contrast a recent study in the
Mediterranean region under rainfed conditions, Ky-
riazopoulos et al. (2013) reported that herbage
production of D. glomerata was not affected by
shading. This inconsistency in the results could be
attributable to the differences in water availability
between rainfed and irrigated conditions, especially in
the Mediterranean region. The limited water avail-
ability under rainfed conditions favours the plant
growth in shade as evapotranspiration is reduced
(Douglas et al. 2001), and soil moisture is elevated
(Rao et al. 1997). In contrast, photosynthetically
active radiation is a greater constraint on dry-matter
production than soil moisture when water is available
(Burner and Belesky 2008). This is further supported
by the fact that the differences in herbage production
between full sun and shade were increased during the
second year of the experiment when precipitation was
higher than in the first year (Fig. 2).

Modification of tiller and leaf morphology provides
the phenotypic plasticity by which monocotyledonous
plants cope with shade. Specifically, reduced tillering
and increases in tiller height were observed under
shade. This effect is attributed in part to the preferential
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Fig. 5 CP (a), NDF (b), ADF (c¢) and ADL (d) content (g kg{1 DM) of natural populations of Dactylis glomerata as affected by shade
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allocation of current assimilates to existing tillers
rather than to new ones (Robson et al. 1988; Kephart
et al. 1992). Regarding leaf characteristics, LAI was
increased under moderate shade and was maintained at
the same level under full sun or decreased under heavy
shade, while SLA gradually increased from full sun to
heavy shade. Additionally, shade decreased LAR, but
increased LER and FLL. This means that under shade
fewer leaves were grown on the same tiller simulta-
neously, and were longer and thinner than those
produced under full sun. The results reported in the
present study are in agreement with those reported in
many studies for D. glomerata (Devkota et al. 2000;
Lin et al. 2001; Belesky 2005; Peri et al. 2007).

Population significantly affected on most of the
evaluated traits but only LAI, LER, and FLL differed
between populations under shade. Differences in phe-
notypic plasticity among populations of several species
from different habitats have been reported for both stem
and leaf morphology under shade (Petit and Thomson
1997; Donohue et al. 2001; Avramov et al. 2007; Bell
and Galloway 2008). However, differentiation among
the studied populations of D. glomerata was observed
only for leaf characteristics. In particular, the population
from Pertouli (central Greece) had higher LAI, LER and
FLL than Crete (south) and Taxiarchis (north) under
both moderate and heavy shade.

Pertouli and Taxiarchis had similar herbage pro-
duction under full sun but Pertouli had higher DM
production under shade, which could be partially
attributed to its longer leaves and higher leaf area
compared to Taxiarchis. In contrast, the population
from Crete (south) had narrower leaves and was less
productive compared to the others under both full sun
and shade. It has been reported that plants growing in
harsh environments such as the arid conditions of
Crete Island grow more slowly than those growing
under more equitable conditions and maintain this
characteristic even under favorable growing condi-
tions (Lambers and Poorter 1992).

Phenotypic plasticity and population responses
to shade

The phenotypic plasticity index (RDPI) for LAI, LER
and FLL also differed among populations and shading
levels. Pertouli showed higher phenotypic plasticity for
LER and FLL than the other populations, mainly
between full sun and moderate shade. Conversely,
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Taxiarchis exhibited higher phenotypic plasticity for
LAI between moderate and heavy shade. However, the
observed phenotypic plasticity is not necessarily adap-
tive (Schmitt 1997; Donohue et al. 2000) i.e. for the
plastic changes of the traits under shade to be associated
with increased resource acquisition and plant fitness.
According to the results, LAI, LER and FLL were
positively associated with aboveground biomass (as a
proxy for plant fitness) under shade. The increased LER
and FLL of Pertouli between full sun and moderate
shade implied better resource acquisition and plant
fitness than the other populations. From this point of
view, plasticity of LER and FLL for Pertouli could be
considered adaptive. Conversely, the high plasticity
index of LAI for Taxiarchis was the result of leaf size
reduction between moderate and heavy shade. In this
case, phenotypic plasticity was also induced but without
the plastic changes being associated with increased
resource acquisition and plant fitness, resulting in
plasticity being non-adaptive or maladaptive (Weinig
2000; Poulton and Winn 2002). The above results
indicate a better response to shade due to leaf modifi-
cation for the Pertouli population than the other popu-
lations examined.

The divergent response to shade among the popula-
tions examined may be the result of differences in the
extent of genetic variation and/or of environmental
differences that the populations experience in their
habitat of origin (Donohue et al. 2000). The Pertouli area
is a heterogeneous landscape that comprises fir forest
and open grasslands. In contrast, Taxiarchis population
comes from the understorey of a coppice oak forest and
Crete from open grassland. According to theoretical
expectation, plasticity is favoured in heterogeneous
environments (Alpert and Simms 2002). Additionally,
where the heterogeneous environments increase the
phenotypic plasticity, genetic variation at the population
level is also promoted (Balaguer et al. 2001). There are
indications that Pertouli population exhibits higher
phenotypic and genotypic diversity, as revealed by
SSR and ISSR molecular markers, compared to Taxi-
archis (Madesis et al. 2013).

Nutritive value

The forage CP content of shade- grown cool season
grasses, is generally higher than in unshaded plants
(Burner 2003; Burner and Belesky 2004). Thus,
increased CP content under shading has been reported
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for many grass species (Burner and Brauer 2003;
Buergler et al. 2006; Parissi and Koukoura 2009). This
was also the case in the present study. This increase
could be associated with changes in phenology under
shade, as the CP content of herbaceous plants decreases
as they reach maturity (Kilcher 1981). Plants under
shade delay their maturity compared to plants under full
light intensity (Blair et al. 1983; Koukoura and Nastis
1989; Belesky et al. 2006). Furthermore, Wilson and
Ludlow (1991) stated that a reduction in light causes a
decrease in photosynthates, with a consequent rise in N
concentration. In addition, Peri et al. (2004) reported
that reduced light intensity increased soil N content by
conserving soil moisture that increased N soil mineral-
ization and subsequently N availability to herbage
(Wilson et al. 1990).

The nutritive value of D. glomerata under shade
based only on CP content could be considered
excellent. However, utilization efficiency of CP in
ruminants depends on readily fermentable carbohy-
drates (Hoover and Stokes 1990; Ciavarella et al.
2000b) and to relevant cell wall content. NDF, ADF
and ADL contents were generally decreased under
shade. Conversely, Lin et al. (2001) reported that the
NDF and ADF contents of shaded grass species
including D. glomerata were either unaffected or
slightly increased. A similar decrease in ADL content
under shade was reported by Iason and Hester (1993)
for Calluna vulgaris in vegetative stage.

Differences between populations was observed for
CP, NDF and ADF content under shade. Pertouli had
constantly higher CP and lower NDF content than the
other populations under shade, while its ADF content
was unaffected by shade. This could be attributed to the
higher leaf area that Pertouli maintained under shade
compared to the other populations, as generally, leaves
contain more protein and less fiber than stems
(Gebrehiwot 1994). Additionally, the fact that Pertouli
was the latest population in inflorescence appearance
among several populations from Greece, including
Taxiarchis and Crete (Parissi et al. 2007) could be
attributed to its high CP content.

Conclusions
Shade reduced tillering and herbage production,

increased tiller height and modified leaf characteris-
tics in D. glomerata. Particularly under shade, fewer

leaves were present simultaneously on individual
tillers, but were longer and thinner than in full sun.
Differentiation in response to shade among the popu-
lations of D. glomerata examined was observed mainly
for leaf characteristics. Pertouli population from a
heterogeneous landscape in central Greece responded
better, particularly to moderate shade, than the others.
Evidence for adaptive phenotypic plasticity, mainly to
moderate shade, was suggested only for this popula-
tion. Additionally, Pertouli had higher nutritive value
than Taxiarchis and Crete under shade. The divergent
response to shade of natural populations of D. glom-
erata could justify breeding germplasm with enhanced
shade tolerance.
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