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SUMMARY

Populus nigra as a kestone riparian pioneer tree species is one o the rarest and most endangered species in Europe due to the loss 
o its natural habitats. Genetic diversit eistence is a ke actor in survival o one species, and stomata as geneticall controlled 
trait could be used for differentiation studies. ith the aim of proving stomatal phenotypic variation of the four native populations of 
Populus nigra located on the banks o three biggest river valles Dunabe, Tisa and Sava in the region o Vojvodina in northern Serbia, 
e eamined various lea stomatal traits stomatal length and idth, pore length and idth, stomatal densit, shape coe¿cient and 
stomatal and pore area. e tested the differences of stomatal traits among populations, interindividual variability - differences among 
trees, the intraindividual variability, the differences between sun-exposed and shaded leaves, among leaves nested in exposition and 
the differences in adaxial and abaxial leaf surface. Based on mixed model ANOVA results, interpopulation variability, as statistically 
signi¿cant dierences, observed onl or stomatal pore length and shape, hile all eamined traits shoed interindividual variabilit. 
On the intraindividual level the results shoed dierences or stomatal traits, ecept or stomatal idth, stomatal shape coe¿cient and 
stomatal densit regarding lea eposure. For better understanding o ho morphological and stomatal characteristics var in black 
poplar populations, further studies should be necessary involving controlled environmental conditions with the aim of examining 
phenotypic plasticity to changing climate conditions.

Key words Populus nigra, population differentiation, riparian forests, stomatal characteristics.

RESUMEN

Populus nigra es una especie importantes entre las pioneras de los ríos en Europa, debido a la pérdida de su hábitat natural. La 
existencia de diversidad genética es un factor clave en la supervivencia de una especie y los estomas, como rasgo genéticamente 
controlado, es usado para estudios de diferenciación. Con el obetivo de comprobar la variación fenotípica de los estomas de cuatro 
poblaciones autóctonas de Populus nigra en tres valles del río más grandes del norte de Serbia Danubio, Tisa  Sava, región de 
Vovodina, fueron analizados los estomas de las hoas longitud y ancho de estomas, longitud y ancho de poros ostíolos, densidad 
estomática, coe¿ciente de orma  área de estomas  poros. Se analizaron las dierencias de las características de los estomas entre 
poblaciones, la variabilidad interindividual, la variabilidad intraindividual, las diferencias entre hoas expuestas al sol y sombreadas, 
entre hojas anidadas en eposición  las dierencias de super¿cie adaial  abaial de las hojas. Segn los resultados del modelo 
mito ANDEVA, la variabilidad entre poblaciones, estadísticamente signi¿cativa, ue observada nicamente en la longitud  la 
forma de los poros estomáticos, mientras ue todas las características analizadas mostraron variabilidad interindividual. En el nivel 
intraindividual, ueron observadas dierencias en las características de los estomas, ecepto en su ancho, el coe¿ciente de orma  
la densidad estomática respecto a la exposición de las hoas. Para comprender meor cómo varían las características morfológicas y 
estomáticas en Populus nigra, es necesario ue investigaciones futuras incluyan condiciones medioambientales controladas, para 
analizar la plasticidad fenotípica para el cambio de las condiciones climáticas.

Palabras clave Populus nigra, diferenciación de población, bosues de ribera, características estomáticas.

NTRODUCTON

Stomata are the apertures found on the surface of lea-
ves, anked b guard cells, hich regulate the gas echan-

ge between the internal plant tissue and the atmosphere, 
especially water vapor and CO2 Zhang et al. 2012,, and 
the environment, allowing the plant to optimize and ba-
lance the photosynthetic performance with water availa-
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bility and usage Chaerle et al. . The gas echange 
regulation is achieved not only through the actual opening 
and closing of the stomatal pore, but by either increasing 
or reducing the stomatal conductance Casson and Gray 
2008, as well as by the number and size of stomata on leaf 
surfaces Zhang et al. 2012. 

Stomatal characteristics are highly dependent on the 
genetic background o the plants as ell as on groth con-
ditions or leaf ontogeny Al Afas et al. 200, Ruso et al. 
. Stomatal densit has shon signi¿cant variation 
within individuals, cultivars or ecotypes of a single spe-
cies, as well as within community Jones 1992. ithin 
Populus genus, a ide inter-speci¿c as ell as inter-clonal 
variation in stomatal density, dimension and stomatal in-
dex has already been observed Ceulemans et al. 1995, 
Ferris et al. 2002, Pearce et al. 200. Stomatal traits could 
also be used as criteria for clonal discrimination within Po-
pulus genus Ceulemans et al. 1995, which has six taxo-
nomic sections Eckenalder . The issue o sectional 
a¿liation remains, pertaining to the relationship beteen 
the section Aigeiros and Tacamahaca, and status of Popu-
lus nigra L. Eckenalder  hich has a genetic a¿-
nity towards the species of section Tacamahaca Hamzeh 
and Dayanandan 2004. Some species have been reported 
as possessing generally high heritability in their stomatal 
characteristics Orlović et al. 1998, while others have 
been reported as being more sensitive to environmental 
factors. Many researchers have so far reported that stoma-
tal density may vary depending on environmental factors 
such as atmospheric CO2 concentration oodward et al. 
2002, drought Dunlap and Stettler 2001, Hetherington 
and oodward 2003 or light Batos et al. 2010. Even 
though they are showing a plastic physiological response 
to the environmental factors, they are also under genetic 
control and could go through evolutionary changes if se-
lection differs among environments Gailing et al. 2008.

Populus nigra as a kestone riparian pioneer tree spe-
cies is one of the rarest and most endangered species in Eu-
rope due to the loss of its natural habitats. Considering that 
genetic diversit eistence is a ke actor in survival o one 
species, stomata as genetically controlled trait are used for 
dierentiation studies. Trees displa a remarkable pheno-
typic variation of stomatal leaf traits in growth habits as 
well. Hence, the main hypothesis of this research is that di-
fferences, based on stomatal characteristics of leaves, exist 
among examined P. nigra native populations considering 
that they are located in the valley of three big rivers Du-
nabe, Tisa and Sava in the region o Vojvodina in northern 
Serbia. ith the aim of proving the default hypothesis, we 
test i the differences of anatomical traits among popula-
tions interpopulation variability, ii the interindividual 
variability differences among trees in populations, iii 
the differences between sun-exposed and shaded leaves of 
every tree in population, the differences among leaves; iv 
the dierences o adaial and abaial lea surace. The last 
three goals present the intraindividual variability.

METHODS

Study species and area. Populus nigra is one of the most 
endangered riparian tree species in Europe due to the loss of 
its natural habitats. It occurs naturally in Vovodina, which 
is considered as the least afforested area in Europe 7.1 , 
Banković et al. 2009, where native poplars are represented 
in a very low percentage of 1.9  within total forest area.  In 
the total native poplars area P. nigra participates with only 
.  Radosavljević  is considered a rare species 
in the studied area as ell. This species is a tpical pioneer 
tree species of the riparian forest ecosystem; it is heavily 
dependent on the hydrologic conditions of the riverside en-
vironment for its regeneration. It has been used as a parent 
pool in breeding programs in many parts of the world. 

The studied populations are situated in our localities 
in northern Serbia, in the Vojvodina region. These native 
populations belong to the basins of the three biggest ri-
vers o this area, Danube, Sava and Tisa, as in Čortan et 
al. . The selected locations ¿gure  have uniorm 
environmental conditions; the are net to river banks as 
part o the illo and black poplar communit on allu-
vial plane ith regular ooding, on the at grounds and 
ithout signi¿cant eposure, ith altitude range beteen 
2-87 m a.s.l. Annual mean air temperature is about 11 oC, 
while average sum of precipitation is about 15.7 mm per 
population table 1.

Plant material and foliar analyses. In the present study, 
10 adult trees from each of the four sites were used for the 
analyses. Leaf sampling was conducted in September of 
the same year 2013 around noon, on a sunny day without 
wind. From the south/south west side of the crown, at the 
height beteen - m; several short shoots ere taken 
from the sunny and shade part of the crown Batos et al. 
. The sample consisted o ten leaves per one tree, ¿ve 
leaves rom sunn and ¿ve rom shade cron positions. 
Stomatal impressions from both leaf surfaces adaxial and 
abaial ere taken beteen the second and third lea vein 
near the central vein o the lea Orlović et al. 1998, using 
colorless nail polish and adhesive cellophane tape Ceule-
mans et al. 1995. In total 800 impressions 4 populations 
  trees   leaves   lea suraces ere ¿ed to glass 
slides and examined under a light microscope.

Phenotypic variation of the four native populations of 
P. nigra were examined with various genetically contro-
lled leaf stomatal traits stomatal length and width, pore 
length and idth, stomatal densit, shape coe¿cient and 
stomatal and pore area as described in Batos et al. 2010 
and Balasooriya et al. 2009. Stomatal density SD 
as determined at  magni¿cation under microscope 
CETMAGNUM-TTrinocular Microscope, U ith an 
attached camera Si U. The stomata ere cou-
nted at ¿ve randoml selected microscopic ¿elds at each 
impression 0.33 mm2 using the tpsDG sotare Ro-
hlf 2001 and afterward calculated as the number of sto-
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Figure . Forest coverage map o Vojvodina region, northern Serbia, ith selected stud sites A upper Danube, B Tisa, C Sava and 
D loer Danube population modi¿ed map b B. Tubić.

Mapa de cobertura de bosues de la región de Voivodina, norte de Serbia, con los sitios de estudio seleccionados población de A Danubio 
superior, B Tisa, C Sava, D Danubio inerior modi¿cado por B. Tubić.

Table .Basic characteristics of four Populus nigra populations used in study.
Características básicas de cuatro poblaciones de Populus nigra utilizadas en el estudio.

Population Location  River basin
Coordinates Altitude range 

m
Mean annual 

temperature oC
Annual 

precipitations mmx y

A Upper Danube 7,338,178 5,04,085 82  87 11.2 12.4

B Tisa 7,44,577 5,008,043 72  80 10.9 583.2

C Sava 7,413,348 4,951,019 7  78 11.3 14.2

D Lower Danube 7,510,888 4,955,118   82 11.3 53.0

mata per unit area 1 mm2. Considering that P. nigra has 
amphistomatous leaves, we did analyses separately on the 
adaxial SDd and the abaxial SDb leaf surfaces, in total 
, microscopic ¿elds ere analzed or stomatal den-
sity 4 populations x 10 trees x 10 leaves x 2 leaf surfaces 
  microscopic ¿elds ¿gure . The ratio adaialabaial 
stomatal density was calculated as well.

Stomatal size as determined at the magni¿cation o 
400 under ZEISS light microscope AxioVision Release 
... The image analzing sstem Motic  sotare 

was used to measure stomatal size, stomatal length SL 
and width S and pore length PL and width P, se-
parately on both leaf surfaces adaxial  d and abaxial  
b. Fifteen randomly selected stomata per one impression 
were measured 5 stomata per each of tree microscopic 
¿eld, hich is in total , analzed stomata  popula-
tions x 10 trees x 10 leaves x 2 leaf surfaces x 3 microsco-
pic ¿elds   stomata. 

The olloing parameters ere calculated rom the di-
rectly measured parameters Balasooriya et al. 2009 
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Figure . Stomata on adaial A and abaial B lea surace, magni¿cation , ESS light microscope AioVision Release ...
Estomas en la super¿cie adaial A  abaial B de la hoja, magni¿cación , microscopio ESS Light AioVision Release ...

 Stomatal area  SA  SL  SW   m2              

 Pore area with widely opened stomatal pore 

PA  PL  PW   m2                  

 Stomatal shape coe¿cient 

SSC    SW  SL ;                   

 Pore shape coe¿cient 

PSC    PW  PL .                   

ata analyses. Statistical analyses were conducted using 
procedure o the SAS statistical package SAS nstitute, 
Inc. 2011 for each of the analyzed characteristics. In order 
to satisfy normal distribution, values of stomatal charac-
teristics were subected to log-transformation. Statistical 
signi¿cance o dierent source levels o phenotpic varia-
tions was estimated with mixed model analysis of varian-
ce. The olloing sources o phenotpic variation ere 
evaluated through  the ANOVA model population varia-
tion among populations, tree inter-individual variations 
within populations, exposure variation depending of sun-
ny or shaded leaf position in the crown for each tree of 
present populations, leaf leaf intra-individual variation 
for each exposure on the sampled trees in present popula-
tions, surface variation within each leaf surface - adaxial 
and abaxial, for each leaf exposure on the sampled trees 
in present populations. e employed a nested model of 
ANOVA where hierarchical low level subgroups nested in 
a hierarchical higher level and in a group variable. In the 
applied nested model of ANOVA tree nested in population 
- Tree P, eposure nested in tree and population - Epo-
sure P T, lea nested in eposure, tree and population P T 
E, surface leaf surface nested in leaf, exposure, tree and 
population - Surace P T E L. Descriptive statistic as 
provided for all analyzed stomatal characteristics, carried 
out separately for each locality, leaf exposure sunny and 
shaded and leaf surface adaxial and abaxial.

RESULTS 

Results of mixed model of ANOVA table 2 showed 
statisticall signi¿cant dierences P  0.05 among po-
pulations ust for pore length PL, P  0.0154 and sto-
matal pore shape coe¿cient PSC, P  0.0012, where 
population B was the one with longer and elongated po-
res while population A had oval shaped pores with short 
opening ¿gure . For other traits there is no dierence 
among present populations. Statistical differences exist 
on individual level, between trees and leaves and between 
abaxial and adaxial sides of leaves P  0.001. Leaf po-
sition within tree, depending on light exposure sunny or 
shaded, shoed signi¿cant dierences or stomatal SL,
P  0.0018 and pore length PL, P  0.0014, for stomatal 
SA, P  0.0034 and pore area PA, P  0.0050, pore 
width P, P  . and shape coe¿cient PSC, P  
0.011 table 2. Stomatal and pore area had higher sur-
face on sunny exposures, stomatal and pore length were 
higher on sunn eposure as ell ¿gure . 

Stomatal density SD did not show statistically sig-
ni¿cant dierences beteen sun eposed and shaded lea-
ves table 2, but differences between adaxial and abaxial 
surace ere more than evident ¿gure . Adaial sura-
ce had density in range of 43.4  48.01 per mm2, while 
abaxial surface of the leaf had a range of 154.22  171.79 
per mm2 ¿gure . The ratio o adaialabaial stomatal 
densities showed the average value of about 0.29 from 
0.18 up to 0.44 per tree, results not shown.

DISCUSSION

Stomata are considered as one o the ke regulation 
factors of the relation between plant and environmental 
factors Bayramzadeh 2011. Stomatal traits are characte-
ristics of species, although certain variations can present 
the micro-environmental conditions and global ecosystem 
changes Batos et al. 2010. According to our analysis, the 



BOSQUE 382 337-345, 2017
Stomatal variabilit o Serbian black poplar populations

341

Table . Results of mixed-model analyses of variance performed on nine traits of Populus nigra genotypes originating from four 
natural populations in Vojvodina. F-values ith the star  are statisticall signi¿cant or P  0.05; P  0.01; P  0.001; ns  
not signi¿cant.

Resultados del análisis de varianza de tipo modelo mixto realizado en nueve características del genotipo Populus nigra ue proviene 
de cuatro poblaciones autóctonas en Voivodina.  Los acrónimos de las características son de¿nidos en Mtodos. Valores F con asterisco  son 
estadísticamente signi¿cativos P  0,05; P  0,01; P  ,; ns  no signi¿cativos.

Source of variation
Stomatal length Stomatal width Stomatal shape coe¿cient

df MS F df MS F df MS F

Population P 3 4.28 1.79 ns 3 0.01 0.13 ns 3 0.11 1.98 ns

Tree T P 3 2.39 8.31 3 0.04 13.91 3 0.0 7.93

Eposure E P T 40 0.54 1.87 40 0.00 1.3 ns 40 0.01 1.03 ns

Lea LP T E 320 0.29 .14 320 0.00 4.33 320 0.01 3.28

Surace P T E L 400 0.27 5.83 400 0.00 4.9 400 0.01 3.5

Error 11,200 0.05 - 11,200 0.00 - 11,200 0.00 -

Source of variation
Pore length Pore width Pore shape coe¿cient

df MS F df MS F df MS F

Population P 3 0.83 3.94 3 1.13 0.58 ns 3 44.9 .51

Tree T P 3 0.21 .89 3 1.9 7.0 3 .87 8.8

Eposure E P T 40 0.0 1.90 40 0.40 1.5 40 1.2 1.59

Lea LP T E 320 0.03 4.72 320 0.2 3.17 320 0.79 2.47

Surace  P T E L 400 0.03 5.29 400 0.29 3.51 400 0.94 2.93

Error 11,200 0.01 - 11,200 0.81 - 11,200 0.32 -

Source of variation
Stomatal area Pore area Stomatal density

df MS F df MS F df MS F

Population P 3 0.01 0.5 ns 3 0.91 0.51 ns 3 0.59 0.21 ns

Tree T P 3 0.02 11.99 3 1.78 .84 3 2.80 8.12

Eposure E P T 40 0.00 1.79 40 0.45 1.74 40 0.40 1.17 ns

Lea LP T E 320 0.00 5.5 320 0.2 4.42 320 0.35 10.97

Surace  P T E L 400 0.00 5.7 400 0.28 4.80 400 10.77 342.19

Error 11,200 0.00 - 11,200 0.0 - 3,200 0.03 -

only trait that contribute to population differentiation are 
pore length PL and shape PSC. Length is considered 
to be under strong genetic control and less under envi-
ronmental inuence hang et al. 2012. However, sto-
matal density SD, which is considered as a genetically 
determined uantitative trait Gailing et al. 2008, did not 
sho signi¿cant dierences P  0.8884 in this study. 
Traits that characterized idth are inuenced b envi-
ronmental conditions at the moment when samples were 
collected. Since width characteristics, as highly plastic 
trait, are not that prominent among populations, it could 
be con¿rmed that these populations have similar environ-
mental characteristics s shon in table , hile dieren-
ces in length could be connected to micro-environmental 

conditions and to genetic variabilit as ell. High inuen-
ce o micro-environmental conditions might be con¿rmed 
b high inter-individual variabilit and b signi¿cant 
differences among single leaves for all analyzed traits  
as well.

The dierences beteen sunn and shaded eposition 
leaves, as two micro-climatic sites within crown, present 
plant adaptation aiming at the best possible exploitation 
of available light Batos et al. 2010. In contrast with the 
inner part of the crown, leaves from the outer part of the 
crown are more exposed to stressful environment such 
as higher solar irradiance, larger temperature variation, 
lower air humidity, various pests. Stomatal traits variation 
in relation to the leaf exposure sun and shade exposure 
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Figure .M
ean values of nine analyzed traits of Populus nigra genotypes originating from

 four natural populations in Vovodina. Values are separated by leaf exposure to light shaded and 
sunn lea positions, b lea surace adaial and abaial surace and b populations upper D

anube 
hite bars, Tisa light gre bars, Sava dark gre bars, lo

er D
anube black bars.

Valores m
edios de nueve características analizadas del genotipo Populus nigra ue proviene de cuatro poblaciones autóctonas en Voivodina. Los valores están separadas por la exposición a la luz de 

la hoja som
breadas  posiciones soleadas de hojas, por la super¿cie de la hoja super¿cie adaial  abaial  por las poblaciones D

anubio superior barras blancas, Tisa barras grises claras, Sava barras gris 
oscuro, D

anubio inferior barras negras.
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in the tree cron shoed signi¿cant dierences or most 
of analyzed traits table 2. Numerous investigations show 
high sensitivity of stomatal traits to light exposure, whe-
re in most cases stomatal density decreases by reducing 
light intensity, meaning that sun exposed leaves have hig-
her stomatal density than the density presented by shaded 
leaves Batos et al. , Stojnić et al. 2015, but there are 
several studies that say otherwise Bruschi et al. 2003. 
Lea position did not inuence signi¿cantl on stomatal 
density in our study, while stomatal and pore area from 
sun exposition had higher values than those presented by 
shaded leaves sun SA  . m and PA  . m; 
shade SA  . m and PA  . m, in average. 
Furthermore, stomatal and pore length also showed signi-
¿cant dierences beteen dierent epositions, shoing 
longer stomata on sun exposed leaves.

Stomatal patterning in the leaf epidermis is species de-
pendent, and in most cases stomatal density is higher on 
the abaxial leaf surface Casson and Gray 2008. However, 
the poplars are knon as amphistomatous species, but the-
re are some exceptions such as Populus trichocarpa Torr. 
et A.Gra e Hook. and Populus balsamifera Lyall which 
belong to the section Tacamahaca which are the hyposto-
matous type, while Populus maximowicii Henry, which 
belongs to the same section, is the amphistomatous type 
Pearce et al. 200, Al Afas et al. 2007, Dillen et al. 2008. 
Populus nigra, as a part of section Aigeiros, is an amphis-
tomatous species Ceulemans et al. 1995, Al Afas et al. 
, , hich as con¿rmed in our research, here 
the abaxial stomatal density in average 11.4 per mm2 
was considerably higher than the adaxial stomatal density 
in average 45.79 per mm2 for all individuals and for all 
canop positions ¿gure . Our results are consistent ith 
the results in Orlović  ho studied dierent poplar 
clones in a nurser. Those results shoed that the adaial 
density was between 9 P. nigra clones and 14 Populus 
deltoides .Bartram ex Marshall clones stomata per mm2, 
while the abaxial density was between 184 P. nigra clones 
and 208 P. deltoides clones stomata per mm2. Signi¿cant 
dierences among studied clones in Orlović  ere 
explained by different clonal reactions to environmental 
changes, i.e. low phenotypic stability and high adaptability 
of poplar clones. In general P. deltoides and some Euroa-
merican poplar clones have a high stomatal density on both 
leaf surfaces, while P. nigra showed the lowest density va-
lues Orlović et al. . This stomatal distribution pattern 
is present in most cases, where stomatal density is conside-
rably larger on the abaxial leaf surface, it may help prevent 
water loss since abaxial surface is less exposed to heating 
Casson and Gray 2008. Besides the density ANOVA 
analsis also shoed signi¿cant dierences beteen other 
stomatal characteristics of adaxial and abaxial leaf surface.

The ratio o adaialabaial stomatal densities is con-
sidered as a signi¿cant characteristic in poplar taonom 
differentiation Ceulemans et al. , Orlović et al. 1999 
and it showed the average value of about 0.29 within pre-

sent P. nigra populations. Previous research showed the 
highest stomatal ratio present in amphistomatous poplar 
species within Aigeiros section, where P. deltoides had 
0.8-0.9, followed by Euroamerican poplars with 0.-0.7 
and the lowest values were presented by P. nigra 0.3-0.4 
Orlović , Orlović et al. 1999, Al Afas et al. 200, 
Dillen et al. 2008, while few poplars from Tacamahaca
section as hipostomatous species showed low ratio Al 
Afas et al. , . Thereore, variations in stomatal 
characteristics among different poplar genotypes seem to 
be species speci¿c Al Aas et al. 200. Poplar hybrids re-
sulting from crosses between the Tacamahaca  Aigeiros
sections and within the same section showed median va-
lues of stomatal density, length and ratio of adaxial/abaxial 
densities, when compared to parental species Al Afas et 
al. . Signi¿cant stomatal dierences among die-
rent poplar clones infer that these stomatal characteristics 
are geneticall controlled to a high degree Orlović et al. 
, hich con¿rmed that there are no hbrids ithin 
sampled P. nigra genotypes in our study. 

Numerous investigations conducted in populations or 
provenance trials of various tree species characteristics 
have shown the same results that the differences among 
individuals at the intra-population level were statistica-
ll signi¿cant and most oten considerabl larger than 
differences among populations Batos et al. 2010, Pol-
jak et al. , Čortan et al. . The determined va-
riability patterns, where variability is much more pronou-
nced within rather than among populations, could indicate 
the eistence o the gene o among the populations so 
that each population has a similar combination of genoty-
pes Poljak et al. 2014; nonetheless thorough molecular 
analyses are need.

CONCLUSIONS

Our results showed that environmental conditions of 
studied populations did not inuence on phenotpic di-
fferences of stomatal characteristics among populations, 
hich did not con¿rm our hpotheses or most lea sto-
matal characteristics that have been examined except for 
stomatal pore length and shape. However, inter- and in-
tra-individual variabilit as con¿rmed ith gain results, 
which show us that these characteristics are more under 
micro environmental inuence. 

Hence, we could conclude that the variation in Populus 
nigra might have evolved due to inter-individual variabili-
ty and environmentally induced morphological and stoma-
tal lea traits speci¿c variation. Since there are no speci¿c 
patterns of stomatal traits variations among and within 
populations, further studies involving controlled environ-
mental conditions should be necessary for better unders-
tanding of how morphological and stomatal characteristics 
var in black poplar populations across the studied area 
and wider area and their possible phenotypic plasticity to 
changing climate conditions. 
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