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Elevated carbon dioxide and substrate composition affect 
growth, nutrient uptake, and water use efficiency in blueberry 
cultivation under greenhouse

Nidia Ortiz-Delvasto and Micaela Carvajal 

Aquaporins Group. Plant Nutrition Department, Centro de Edafolog�ıa y Biolog�ıa Aplicada del Segura (CEBAS, 
CSIC), Murcia, Spain 

ABSTRACT 
Blueberries (Vaccinium corymbosum L.) are a valuable crop with growing 
demand due to their nutritional and health benefits. Optimizing their culti
vation under controlled environmental conditions as the use of supple
mental carbon dioxide (CO2), offers a promising avenue to enhance 
growth. However, the interaction between elevated CO2 levels and sub
strate composition on physiological parameters and nutrient dynamics in 
blueberry plants remains underexplored. Therefore, the objective of the 
present study was to investigate CO2 supplementation in the growth and 
production under controlled conditions in a greenhouse with different sub
strate composition. Physiological parameters, mineral composition, produc
tion, water use efficiency (WUE), nutrient use efficiency (NUE), and nitrite 
and nitrate concentration were determined in plants grown in 3 substrates 
with different physical-chemical characteristics. Results showed that CO2 

(1000 ppm) positively influenced the growth and production of blueberry. 
The plants grown in the S2 (100% coconut fiber) or S3 (90% coconut fiber 
and 10% perlite) under elevated CO2 presented higher the photosynthetic 
rates. This result in relation to S1 (70% coconut fiber and 30% peat) attri
buted to the composition of the substrate. However, S1 or S3 presented 
higher WUE and NUE under elevated CO2, increase water use and carbon 
assimilation. Elevated CO2 did not increase macronutrients and micronu
trients concentration in leaf and fruit. However, plants grown in S2 have a 
low nitrogen absorption and adaptation to assimilate. Therefore, the results 
indicate that the addition of perlite in S3 followed by peat in S1 were 
more suitable than S2 under elevated CO2, since the plants were able to 
absorb nitrogen and water more effectively providing higher yield in 
the S3.
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Introduction

The impact of increased CO2 levels on enhancing crop growth has been widely reported 
(Shaheen, Mustafa, and Ulfat. 2022; Van der Kooi et al. 2016; Bishop, Leakey, and Ainsworth 
2014; Yang et al. 2022). This phenomenon has been applied in commercial greenhouse farming 
after scientific research using a variety of CO2 enrichment methods, including greenhouses, 
growth chambers, and gradient tunnels (Medina et al. 2016; Shanmugam et al. 2013; Wei et al. 
2018; Kimball et al. 2007). Initially studies reported by Kimball (1983) revealed an average 33% 
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boost in agricultural yield through CO2 enrichment. The knowledge gathered from later experi
ments revealed that stimulation of photosynthetic rate, increasing crop yield and reduction of 
transpiration rate occurred at high CO2 (Liu et al. 2019; Shaheen, Mustafa, and Ulfat. 2022; Han 
et al. 2023). Considering that CO2 is key to photosynthesis, CO2 enrichment is a widely accepted 
technique to improve photosynthesis, thereby increasing yield and commercial income (Pan et al. 
2019; Curtis and Wang 1998; Jacotot et al. 2018; Han et al. 2023).

Also, it has been observed that high concentrations of CO2 can increase tomato biomass by 
developing higher number of branches and the average leaf area (Mamatha et al. 2014; Pan et al. 
2019; Fathurrahman 2023). Increased photosynthesis and reduced stomatal aperture are mainly 
induced by an increase in Rubisco activity and depolarization of the guard cell membrane poten
tial, possibly leading to reduced transpiration and significantly increasing WUE (Wei et al. 2018; 
Da Silva Fortirer et al. 2017). At the same time, findings have been reported that there are differ
ent changes in the C, N and P stoichiometry of woody and herbaceous plants when exposed to 
high CO2 concentrations, (Du et al. 2019). Furthermore, it has been reported recently that 
although there are known advantages of providing CO2 in greenhouses, it could also have nega
tive effects on nutrient absorption, particularly causing a decrease in the concentration of nitro
gen in tissues (Gojon et al. 2023).

Carbon and nitrogen are the most abundant elements in cells, which intensifies the need for 
coordination mechanisms to avoid metabolic inefficiencies (Li et al. 2022). On the other hand, 
nitrogen assimilation depends on the availability of a carbon and, consequently, limitation or 
oversupply of one element strongly affects the metabolism of the other (Zhang et al. 2018; 
Baslam et al. 2020). Architectural features such as plant height, branches and panicles were 
reported to be affected not only by N, but also by the distribution of N in the different organs 
(Luo, Zhang, and Xu 2020). Moreover, it has been observed that blueberry fruit quality was 
related to a high carbon/nitrogen ratio (Yang et al. 2023). Therefore, dynamic variations in car
bon and nitrogen metabolism in plants directly or indirectly affect the formation and transform
ation of photosynthates (Wu et al. 2022).

Blueberry (Vaccinium sp. L.), an economically important member of the Ericaceae family and 
widely distributed geographically, has become an important fruit crop worldwide. Spain represent 
first place in the ranking of blueberry producers in the European Union (Junta de Andalucia 
2021). For optimal development, this crop must have a low pH (4.5 to 5.5) (Smrke et al. 2021). 
Compared to other non-ericaceous crops, blueberry plants have low mineral nutrient concentra
tions and, therefore, tend to have lower nutrient requirements than other fruit crops (Doyle, 
Nambeesan, and Malladi 2021). Due to these nutritional requirements, producers are searching 
for novel methods to grow plants in regions with suboptimal soil conditions, an alternative being 
cultivation in containers with soilless substrate and highly controlled fertilization and irrigation 
systems (Kingston et al. 2017).

Given the specific pH and organic matter requirements of blueberry, and the fact that agricul
tural soils rarely meet these criteria, growers frequently amend fields with sulfur, organic matter, 
or other inputs. Despite these efforts, the narrow soil preferences of blueberry limit its suitable 
cultivation areas. Recently, container-based production has gained popularity, as the use of soil
less substrates allows cultivation in a broader range of environments. These substrates enable pre
cise control of nutrient levels in the rhizosphere and allow cultivation on land with issues such as 
soil-borne pests, salinity, infertility, or chemical residues. Container production also provided 
flexibility, allowing growers to move plants and adjust spacing as they grow (Fang et al. 2020). 
Currently, blueberry plants are grown in containers using substrates supplemented with peat and 
synthetic minerals (such as vermiculite and expanded clay) to achieve the desired physical and 
chemical properties. However, preparing optimal substrate mixtures remains challenging, as these 
materials can exhibit characteristics that could affect plan physiology (Z�arate et al. 2017).
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In soilless culture, blueberries have high productivity from the first year of cultivation, and 
one of the main reasons for achieving this growth pattern is that soilless substrates allow the 
roots area to be improved by controlling the water and nutrient content (Heller and Nunez 
2022). Thus, innovative horticultural practices with controlled environmental conditions such as 
light, humidity, temperature and CO2 concentrations have allowed profitable crops in Spain, 
Morocco, Mexico, Chile, China, Peru and Argentina, where crops from temperate zones were not 
common a few decades ago (Ba~nados 2009; Fang et al. 2022; Lobos and Hancock 2015).

Although nurseries have been using soilless substrates for blueberry production for many years, 
the concept of commercial fruit production in containers is relatively new. Substrate mixes used in 
nurseries often include peat, coir, bark, and/or perlite, but it has not yet been established whether 
these components are equally suitable for long-term blueberry fruit production. (Fulcher et al. 2015).

Therefore, the aim of this work was to investigate CO2 supplementation on blueberry growth 
and production under greenhouse-controlled conditions with different substrates. As the choice 
of peat/coconut fiber in substrates for growing blueberry has pointed to influence various physio
logical responses affecting yield and quality (Ortiz-Delvasto et al. 2024). In this study, experi
ments were conducted using tree different soilless substrates, one of which varied in its peat, 
coconut fiber and perlite composition. For that, the growth, fruit yield, gas exchange, mineral 
nutrition, water use efficiency (WUE) and nutrient use efficiency (NUE) was determined and 
related to mineral nutrients composition and to N assimilation.

Material and methods

Plant material and growth conditions

The experiments were carried out with plants of Blueberry (V. corymbosum, L. cv. Legacy). 
Blueberry plants were supplied by a commercial nursery (Viveros el Cierr�on, Asturias, Spain) as 
plants of approximately 60 cm in height after growing in commercial greenhouse conditions.

The experimental growth stage was carried out during the months of June and July, in an 
automated greenhouse located in the CEBAS-CSIC experimental field in Santomera (Murcia, 
Spain), under regulated conditions of temperature by a cooling system that maintained tempera
tures of 25 �C and 20 �C (day/night). The humidity was stable ranging from 60-70%. The con
trolled conditions experimental phase and the elevated CO2 experimental phase was maintained 
under these same conditions.

Plants were grown into 30-L pots with 3 different experimental substrates (provided by Projar, 
Valencia, Spain) composed of: (S1) 70% coconut fiber and 30% peat, (S2) 100% coconut fiber, 
(S3) 90% coconut fiber and 10% perlite. The experimental design was completely randomized 
with 3 cultivation lines (one line per substrate), with 30 plants, randomly distributed in 10 plants 
per substrate. The substrates were irrigated through continuous dripping at regular 7-min inter
vals, 4 times a day, with one dripper per container emitting water at of 3 L h−1. The irrigation 
solution containing KNO3 (6 mM), Ca(NO3)2 (4 mM), KH2PO4 (1 mM), and MgSO4 (1 mM), 
H3BO3 (25 mM), MnSO4 (2 mM), ZnSO4 (2 mM), CuSO4 (0.5 mM), (NH4)6Mo7O24 (0.5 mM) and 
Fe-EDDHA (20 mM) (Hoagland and Arnon 1938).

The plants grew under these conditions during 16 wk, until the plants reached the stage of 
production. After that period, the experimental design consisted in two different periods of one 
month each. The first period called Control conditions (ambient CO2), where the plants grown in 
the different substrates (S1, S2 and S3) were with ambient CO2 (evaluated during the first 8 wk), 
and the second period called Elevated CO2 (evaluated during the last 4 wk) where the concentra
tion of CO2 was maintained to 1000 ppm. CO2 was emitted through ventilation filters and grad
ually reaching a concentration of 1000 ppm of CO2. The gas emission period was for 12 h each 
day, throughout the daylight hours (from 8:00 to 20:00). Two days before the end of both the 
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control conditions period and the period under elevated CO2 conditions, 5 plants from each sub
strate were harvested and samples were collected for subsequent analysis.

Relative growth rate (RGR) and fruit production

Relative growth rate was determined in leaves of control conditions and high CO2 content treat
ments, during 24 days with an interval of 8 days between each measurement. Leaves were selected 
(3 per plant in different branches) in 5 plants per substrate. This procedure was carried out in 
situ by drawing the outline of the leaf on a sheet of paper and later using the ImageJ program to 
calculate the area, to afterwards obtain the relative growth rate with the following equation 
(Primo-Millo and Agust�ı 2020):

RGR ¼
ðLnA2 − LnA1Þ
ðt1 − t2Þ

Where A1 is the initial leaf area and A2 is the leaf area determined at time 2. t1 and t2 are 
the dates of data collection (intervals of 8 days).

Fruit production was determined during each month of control conditions (ambient CO2) and 
elevated CO2 conditions. All fruits from each plant was harvested at commercial maturation point 
and biomass were determined per substrate. The results are presented as the average g or number 
per plant per month.

Leaf gas exchange

Gas exchange parameters such as net photosynthesis rate (An), stomatal conductance (gs) and 
internal CO2 concentration (Ci) were measured in fully developed leaves using a TPS-2 Portable 
Photosynthesis System gas exchange meter (PP Systems, Inc., Amesbury, MA, USA) on a total of 
4 leaves per plant from 3 plants for each substrate in each growth period (control conditions and 
elevated CO2). Measurements were taken one hour after the start of the photoperiod. All observa
tions were recorder at a PPFD (photosynthetic photon flux density) of 1500 lmol m−2 s−1 and 
cuvette temperature of 25 �C with 2.0 cm2 of leaf area exposed for gas exchange. All gas exchange 
measurements were taken between 09:00 and 12:00 (local time).

Intrinsic water use efficiency (iWUE) and nutrient use efficiency (NUE)

Intrinsic water use efficiency measures differences related to the leaves ability to regulate photo
synthesis and stomatal conductance, and which are independent of atmospheric conditions at the 
time of measurement. The intrinsic efficiency of water use was calculated using the formula An/gs 
(with the units mmol CO2 mmol−1H2O) (Fischer and Turner 1978), where (An) is the net photo
synthesis of the leaf and (gs) the stomatal conductance.

Nutrient use efficiency was determined from crop yield per unit of nutrient applied and was 
calculated using the following formula (McDonald et al. 2013).

Nutrient use efficiency ¼
YieldðKg−1Kg−1Þ

Quantity of fertilizer appliedðKg−1Kg−1Þ

Analysis of mineral elements

Minerals contents (macronutrients and micronutrients) were determined according the ISO 
11.885 (1996) by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) using a 
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Thermo ICAP 6500 Duo equipment (Thermo Fisher Scientific, Waltham, MA, USA). Lyophilized 
samples of leaf and fruit from 3 selected plants of each cultivation were ground into a fine pow
der using a grinder (Taurus Aromatic, Lleida, Spain). For each ground sample, 200 mg were 
added in a microwave furnace equipment to a 25 mL tube with a mixture of 4 mL of HNO3 (68% 
purity) and 1 mL H2O2 (33% purity) for their subsequent digestion. 300 mL high-purity 
de-ionized water, 30 mL H2O2 (33% purity) and 2 mL H2SO4 (98% purity) were also added in the 
Teflon reactor. The microwave heating digestion program consisted of 3 steps: starting at 20 �C 
and 40 bar; increasing 10 bar/minute for 30 min up to 220 �C; and keeping 220 �C for 20 min. 
After cooling, the mineralized sample were transferred to double gauge tubes of 10 mL (micro 
minerals) and 25 mL (macro minerals), and the volume made up with high-purity de-ionized 
water. A multimineral standard solution containing 31 minerals supplied by SCP Science 
(Quebec, Canada) was used to prepare calibration standards in high-purity de-ionized water. For 
ICP-OES analyses, two control samples containing high-purity de-ionized water and a multimin
eral standard were used. Each mineral determination was performed at specific wavelengths rang
ing from 167.1 to 670.8 nm. The concentration of macro and micro minerals were calculated 
according the formula ‘mg kg−1 or g kg−1 ¼ (C x D)/W’; where C was mineral concentration, 
D was the dilution factor and W was sample weight.

Determination of total carbon and nitrogen

The total carbon and nitrogen content were determined by the DUMAS method, using the elem
ental analyzer model TRUSPEC CN628 (LECO Corporation, MI, USA) (Matejovic 1993). 
Lyophilized samples of leaf and fruit from 3 selected plants of each cultivation were ground into 
a fine powder using a grinder (Taurus Aromatic, Lleida, Spain). For each ground sample, 0.1 g of 
the solid sample was placed in a tin capsule, which was then closed and introduced into the auto
sampler of the equipment. The results expressed as percentage of weight (g 100 g−1).

Determination of nitrite and nitrate

The determination of nitrite and nitrate was carried out in accordance with ISO 10304-1 (2007) 
by ion chromatography (Michalski and Kurzyca 2014), using a Metrohm 850 Ion Chromatograph 
(Metrohm AG, Switzerland). Samples of leaf, and fruit from 3 selected plants of each cultivation 
substrate and CO2 conditions were frozen in liquid nitrogen and lyophilized. After that they were 
ground into a fine powder using a grinder (Taurus Aromatic, Lleida, Spain). Of each ground 
sample, 0.2 g was added to 40 mL of milliQ water. The sample was shaken on a mechanical 
shaker for 30 min and then centrifuged at 3000 rpm for 10 min.

The sample was filtered through a 0.45 micron nylon filter. Measurement was then performed 
in the chromatograph. A multimineral standard solution (commercial solution of different 
anions) supplied by SCP Science (Quebec, Canada) was used to prepare calibration standards in 
highly purified deionized water. The anion concentration is expressed in mg/L.

Statistical analysis

Data analyses were performed using the SPSS 25.0.0.1 software package (IBM Corp., Armonk, 
NY, USA). All the parameters were analyzed using one-way ANOVA, followed by post hoc 
Duncan’s New Multiple Range Test.
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Results

Relative growth rate (RGR) and fruit production

The RGR of blueberry plants in elevated CO2 conditions were significantly higher than those of 
Control conditions plants (Figure 1(a)). However, no differences were observed between the 
plants grown in the different substrates.

Blueberry plants under control conditions (ambient CO2) or under elevated CO2, presented 
significant changes in fruit production when grown in the different substrates. In control condi
tions (ambient CO2), the plants grown in S1 have higher production, compared to the plants 
grown in S2 and S3, which did not present significant differences. However, under elevated CO2 
conditions, all plants experienced a significant increase in production compared to control condi
tions plants (Figure 1(b)). In the case of elevated CO2 plants grown in S3 had higher production 
in relation to the plants grown in S1 or S2.

Gas exchange

Figure 2 shows the results of the gas exchange parameters. The photosynthetic rate (An, Figure 
2(a)) showed no significant changes in the plants grown in the different substrates in control con
ditions (ambient CO2). However, under elevated CO2, all values were significantly higher than in 
control conditions plants independently of the substrates. Furthermore, on elevated CO2 sub
strates S2 and S3 showed a significantly higher photosynthetic rate relative to plants grown 
on S1.

The internal CO2 concentration (Ci, Figure 2(b)) did not show significant differences among 
substrates in control conditions. However, this parameter increased significantly in all plants 
grown in different substrates subjected to elevated CO2, compared to control conditions plants. 
The plants grown in S2 substrate presented the highest Ci in elevated CO2 conditions in relation 
to the plants grown in S1 and S3, with the plants grown in S3 providing the lowest Ci values.

Stomatal conductance (gs, Figure 2(c)) increased significantly in plants grown on all substrates 
under elevated CO2 conditions relative to control conditions plants. The plants grown in control 
conditions did not show significant differences within the different substrates. Under elevated 
CO2 conditions, plants grown in S2 substrate presented a significant increase in relation to plants 

Figure 1. (a). Relative growth rate of leaves of the blueberry plant with substrates S1, S2 and S3 under control conditions (ambi
ent CO2) and under conditions of elevated CO2. measured for 11 days with an interval of 4 days between each measurement. 
Points indicate the mean ± SE of 3 samples with 3 measurements each. (b). Fruit production per month of the blueberry plant 
with substrates S1, S2 and S3 during 30 days under control conditions and under conditions of elevated CO2. Each value repre
sents the average production of 5 plants ± SE. Means followed by different letters were significantly different according to dun
can’s test.
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grown in S1 and S3 substrate. No significant differences were found between plants grown in S1 
and S3.

Intrinsic water use efficiency (WUEi) and nutrient use efficiency (NUE)

The water use efficiency did not present significant differences in the plants grown in different 
substrates under control conditions (ambient CO2). However, under elevated levels of CO2, they 
showed significant increases in relation to the control conditions plants. Plants grown on sub
strates S1 or S3 under elevated CO2 conditions showed a significant increase in WUEi compared 
to S2, and these plants had the lowest WUEi.

In relation to the nutrient use efficiency, plants showed a significant increase when they were 
subjected to elevated CO2 conditions compared to control conditions independently of the type 
of substrate. Under control conditions, plants grown in S3 substrate presented a greater NUE val
ues, in all individual nutrients, in relation to plants grown in S1 or S2. Plants grown in S2 pre
sented the lowest values. Also, significant differences observed between plants grown in S1, S2 
and S3, under elevated CO2 conditions. The S3 substrate on elevated CO2 conditions presented a 
greater NUE, in relation to the plants grown in S1 or S2, with the plants grown in S2 substrate 
being the ones that presented the lowest NUE (Figure 3).

Concentration of mineral elements

The blueberry plants subjected to high concentration of CO2 levels showed a generalized decrease 
of the main macronutrients and micronutrients, both in leaves and fruits of plants grown in S1, 
S2 or S3, in relation to plants grown under control conditions (plants grown in S1, S2 or S3 
under ambient CO2 conditions) (Table 1). Regarding the macronutrients of the plants subjected 
to elevated CO2, Ca is one of the few elements that showed an increase in concentration in leaves 
of plants grown in S1 and S2 substrate. In relation to the fruit, the concentration of Ca was lower 
in plants grown under elevated CO2 conditions (independently of the substrates) compared with 
those grown in control conditions (with ambient CO2). The concentration of K presented a 
higher concentration in the leaves of the plants grown in all substrate under control conditions 
(ambient CO2) compared to high CO2. The concentration of this nutrient showed no changes in 
fruits. The concentration of Mg in the leaves presents a significant increase in plants grown with 
S1 substrate when subjected to elevated CO2 conditions. In relation to the fruit, this nutrient did 
not present significant differences either in control and elevated CO2 in the different substrates. 
The concentration of P presented in leaf and fruit, in all S1, S2 and S3 substrates, did not show 

Figure 2. Gas exchange parameters of blueberry plant with substrates S1, S2 and S3 under control conditions and under condi
tions of elevated CO2. (a) Photosynthesis rate (An, mmol m−2 s−1), (b) internal CO2 concentration (Ci, mmol m−2 s−1), (c) stomatal 
conductance (gs, mmol m−2s−1). Values are means ± SE (n¼ 3). For each treatment, different letters show significant differences 
according to duncan’s test.
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significant differences under both CO2 conditions. The concentration of S present in the leaves of 
the plants showed lower values under high CO2 than under ambient CO2. In relation to the con
centration in the fruit, there were no significant differences in any of the substrates and in any of 
the CO2 conditions (ambient CO2) or elevated CO2 conditions.

Regarding the micronutrients in plants subjected to elevated CO2 contents, a decrease in the 
concentration of B observed in both the leaves and fruits of plants grown in all substrates. Fe pre
sented higher values in the foliar and fruit concentration of plants grown control conditions 
(ambient CO2) than in high CO2. Manganese increased the concentration in leaves of plants 
grown in S2 and S3 substrates under elevated CO2 conditions. However, in fruits, the concentra
tion decreased in plants grown in all substrates, when subjected to elevated CO2 levels. Finally, 
Zn presented higher values in the leaves of plants grown in S1 substrate under control conditions 
(ambient CO2). In relation to the fruit, this nutrient did not present significant differences under 
both CO2 conditions.

Figure 3. Intrinsic water use efficiency (WUEi) (mmol CO2 mol−1 H2O) and nutrient use efficiency (NUE) macronutrients (kg kg−1) 
and micronutrients (g kg−1) of blueberry plant with substrates S1, S2 and S3 under control conditions and under conditions of 
elevated CO2. Values are means ± SE (n¼ 3). For each treatment, different letters show significant differences according to 
Duncan’s test.

2144 N. ORTIZ-DELVASTO AND M. CARVAJAL



Ta
bl

e 
1.

 C
on

ce
nt

ra
tio

n 
of

 m
in

er
al

 e
le

m
en

ts
. M

ac
ro

nu
tr

ie
nt

s 
(g

 k
g−

1 D
W

) 
an

d 
m

ic
ro

nu
tr

ie
nt

s 
(m

g 
kg

−
1 D

W
) 

m
ea

su
re

d 
in

 le
af

 a
nd

 f
ru

it 
of

 b
lu

eb
er

ry
 p

la
nt

 w
ith

 s
ub

st
ra

te
s 

S1
, S

2 
an

d 
S3

 in
 c

on
tr

ol
 

co
nd

iti
on

s 
an

d 
el

ev
at

ed
 C

O
2 

co
nd

iti
on

s.

El
em

en
t

S1
S2

S3

Le
af

Fr
ui

t
Le

af
Fr

ui
t

Le
af

Fr
ui

t

Co
nt

ro
l

CO
2

Co
nt

ro
l

CO
2

Co
nt

ro
l

CO
2

Co
nt

ro
l

CO
2

Co
nt

ro
l

CO
2

Co
nt

ro
l

CO
2

M
ac

ro
nu

tr
ie

nt
s  

(g
 k

g−
1 

D
W

)
Ca

1.
54

±
0.

65
b

1.
94

±
0.

27
a

0.
42

±
0.

02
c

0.
26

±
0.

02
c

1.
57

±
0.

28
b

2.
31

±
0.

28
a

0.
41

±
0.

03
c

0.
28

±
0.

04
c

2.
02

±
0.

86
a

2.
06

±
0.

04
a

0.
38

±
0.

03
c

0.
20

±
0.

01
c

K
12

.9
6

±
1.

16
a

7.
02

±
0.

02
cd

7.
22

±
0.

13
cd

6.
29

±
0.

22
cd

12
.2

8
±

0.
16

ab
6.

46
±

0.
46

cd
7.

43
±

0.
16

cd
6.

33
±

0.
11

cd
11

.2
7

±
0.

95
b

6.
51

±
0.

12
cd

7.
15

±
0.

17
cd

5.
90

±
0.

01
d

M
g

0.
87

±
0.

07
b

1.
05

±
0.

03
a

0.
29

±
0.

02
c

0.
27

±
0.

02
c

0.
91

±
0.

04
b

0.
89

±
0.

07
b

0.
28

±
0.

02
c

0.
24

±
0.

01
c

0.
94

±
0.

06
ab

0.
90

±
0.

03
b

0.
29

±
0.

01
c

0.
24

±
0.

01
c

P
2.

10
±

0.
57

a
2.

13
±

0.
25

a
0.

88
±

0.
02

a
0.

75
±

0.
04

a
1.

25
±

0.
03

a
1.

66
±

0.
09

a
0.

94
±

0.
04

a
0.

83
±

0.
05

a
1.

76
±

0.
21

a
1.

77
±

0.
06

a
1.

04
±

0.
04

a
0.

79
±

0.
04

a
S

1.
64

±
0.

06
a

1.
30

±
0.

17
c

0.
61

±
0.

01
d

0.
54

±
0.

04
d

1.
62

±
0.

10
a

1.
24

±
0.

06
c

0.
63

±
0.

01
d

0.
51

±
0.

02
d

1.
55

±
0.

09
b

1.
36

±
0.

08
bc

0.
64

±
0.

02
d

0.
47

±
0.

02
d

M
Iic

ro
nu

tr
ie

nt
s  

(m
g 

kg
−

1 
D

W
)

B
40

.3
9

±
1.

86
a

19
.5

1
±

0.
78

b
6.

87
±

0.
06

d
6.

46
±

0.
04

e
38

.0
5

±
1.

06
a

18
.5

1
±

0.
25

bc
8.

04
±

0.
20

de
6.

12
±

0.
07

e
44

.6
2

±
12

.4
6a

17
.6

7
±

0.
43

bc
8.

11
±

0.
39

d
5.

85
±

0.
09

e
Fe

10
0.

57
±

56
.1

0a
34

.2
4

±
2.

14
b

27
.5

0
±

0.
89

b
8.

33
±

0.
19

c
40

.4
9

±
5.

90
b

42
.9

8
±

1.
50

b
30

.3
3

±
0.

36
b

12
.0

4
±

0.
24

c
47

.0
8

±
11

.6
8c

50
.1

7
±

0.
50

b
22

.8
5

±
1.

45
b

7.
85

±
0.

10
c

M
n

39
.3

0
±

5.
75

e
43

.8
8

±
2.

81
de

7.
46

±
0.

33
f

5.
95

±
0.

04
g

59
.0

2
±

13
.6

1c
90

.6
8

±
1.

26
a

13
.0

0
±

1.
53

f
9.

25
±

0.
82

f
56

.6
9

±
1.

22
cd

75
.7

1
±

1.
57

b
13

.3
5

±
1.

49
f

9.
19

±
0.

11
f

Zn
30

.0
9

±
6.

66
a

21
.9

1
±

1.
45

b
5.

03
±

0.
19

c
5.

50
±

0.
60

c
21

.0
5

±
1.

85
b

16
.0

5
±

2.
29

b
5.

38
±

0.
34

c
5.

56
±

0.
31

c
19

.7
7

±
0.

80
b

22
.9

4
±

3.
16

b
5.

78
±

0.
33

c
6.

54
±

0.
27

c

Re
su

lts
 a

re
 e

xp
re

ss
ed

 a
s 

th
e 

m
ea

n 
of

 t
hr

ee
 b

io
lo

gi
ca

l r
ep

lic
at

es
±

st
an

da
rd

 e
rr

or
. D

iff
er

en
t 

le
tt

er
s 

sh
ow

 s
ig

ni
fic

an
t 

di
ffe

re
nc

es
 a

cc
or

di
ng

 t
o 

D
un

ca
n’

s 
te

st
.

JOURNAL OF PLANT NUTRITION 2145



Determination of total carbon and nitrogen

The N concentration (Figure 4) in the leaves of plants grown in all S1, S2 and S3 substrates did 
not show significant variations under elevated CO2 conditions compared to the control conditions 
(ambient CO2). In fruits, the N concentration showed a significant increase in the fruits of plants 
grown in S2, when they were exposed to elevated CO2. The fruits of the plants grown in S1 or S3 
did not show significant differences when subjected to elevated CO2 when compared with ambi
ent CO2 conditions.

The leaf C concentration showed a significant increase in the leaves of the plants in all S1, S2 
and S3 under elevated CO2 in relation to the plants grown in ambient CO2 conditions. In relation 
to C concentration in the fruits, a significant increase was observed in the plants grown in S1 or 
S2, when they were subjected to elevated CO2 concentrations, compared to the control condi
tions. Plants grown in S3 showed no significant differences between the ambient CO2 conditions 
and those subjected to elevated CO2.

Determination of nitrite and nitrate

The nitrite (NO2
-) concentration (Table 2) in leaves and fruits increased significantly to a similar 

value in the plants grown in S1, S2 and S3 when subjected to elevated CO2 conditions as com
pared to control conditions. In control conditions leaves and fruits, the values were very low 

Figure 4. Concentration of total carbon and nitrogen. (a) percentage of N in leaves, (b) percentage of N in fruit, (c) percentage 
of C in leaves, (d) percentage of C in fruit, measured in plants grown with substrates S1, S2 and S3 in control conditions and ele
vated CO2 conditions. Results are expressed as the mean ± SE (n¼ 3). Columns with different letters differ significantly according 
to duncan’s test.
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showing <0.01 mg 100 g−1D.W. in all leaves of the different substrates, and in fruits of S1 and S3 
substrates. However, the concentration was detectable in fruits of S2 in control conditions 
(0.22 mg 100 g−1D.W).

The results of nitrate concentration (NO3
-) revealed a different pattern between leaf and fruit. 

In the case of leaves, a significant decrease was observed in plants grown in both S1, S2 and S3, 
when subjected to elevated CO2 concentrations compared to the control conditions. On the con
trary, in the fruits of plants grown in all S1, S2 and S3 substrate, a significant increase was 
observed when they were subjected to elevated CO2 conditions in relation to the control 
conditions.

Discussion

It is known that high CO2 increase the growth and development of herbaceous plants (Roy, 
Kapoor, and Mathur 2024). However, the studies of the response of woody plants is very limited. 
In this way, the studies reports that, in general, elevated CO2 produced higher photosynthetic 
rate, generating increases in growth and productivity, but the responses will depend on water 
uptake and mineral nutrition (Mndela et al. 2022). In this sense, our blueberry plants presented a 
positive effect on growth by elevated CO2 in all substrates, increasing the speed of growth and 
production. These results coincide with studies carried out on mulberry plants (Morus sp) where 
they found persistent increases in the photosynthetic rate when subjecting them to high CO2 con
ditions (Sekhar et al. 2014). Photosynthesis has been reported to be significantly improved due to 
the carboxylation role of Rubisco being favored to the detriment of its oxygenating activity, 
increasing photosynthetic efficiency (Lobo et al. 2022). This enhancing results have been previ
ously reported in various studies on woody plants as Camellia sinensis L. grown in chambers 
(Ahammed et al. 2020), in Cornus drummondii C.A. Mey., Rhus glabra L., Gleditsia triacanthos 
L., Juniperus osteosperma Torr. grown in a greenhouse (O’Connor et al. 2022) and bitter orange 
trees planted in open chambers with plastic for 17 years, with elevated CO2 (Kimball et al. 2007). 
The level of CO2 is also a question of debate since projections of atmospheric CO2 concentration 
will range between about 450 and 600 ppm by the year 2050 since we are strongly dependent on 
future scenarios of anthropogenic emissions (Woodward 2002). However, the fact that this high 
levels were only applied for one month should be taken into account.

Our blueberry plants showed an increase in net photosynthesis rate (An), stomatal conductance 
(gs) and internal CO2 concentration (Ci) under elevated CO2 conditions, in all S1, S2 and S3 sub
strates, relative to control conditions plants. However, the plants grown in S2 or S3 subjected to 
elevated CO2 conditions presented the highest growth and highest values of the photosynthetic 
rate, in relation to S1. This result can be attributed to the composition of the substrate and its 
physical characteristics reported previously (Ortiz-Delvasto et al. 2024), since S2 and S3 were 
composed mainly of coconut fiber which has the capacity to retain more water and provide 
greater aeration compared to other substrates (G�omez-Bellot et al. 2020). On the other hand, as 
Ci did not show changes in control conditions (ambient CO2), but an increase in this parameter 
was observed similarly in plants grown in either S1 or S3 under elevated CO2.

Various studies have shown that the behavior of Gs under conditions of elevated CO2 is 
contradictory and could be specific to each specie (Purcell et al. 2018). Accordingly, measure
ments on woody plants, demonstrated that Gs could increase in response to elevated CO2 levels 
under specific climatic conditions (high temperature and low humidity) but depending on water 
availability (Purcell et al. 2018). In blueberry, previous works reported the effect of source-sink 
balance on foliar traits and found a positive correlation between stomatal conductance and photo
synthesis (Jorquera-Fontena et al. 2016), demonstrating that blueberry plants could have the cap
acity to respond to changes in the demand by photoassimilates by altering stomatal, 
photochemical, and biochemical parameters (Petridis et al. 2020). In this sense, we observed that 
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blueberry plants in S2 grown under elevated CO2 conditions somehow had the ability to increase 
Gs by the 100% of coconut fiber in the substrate. It has been reported that the increase of AW in 
soils could improve stomatal conductance and net assimilation rate, resulting in increased photo
synthetic capacity in species such as black locust (Robinia pseudoacacia L.) (Liu et al. 2013), but 
the fact that S1 and S3 showed similar gs values indicate that, again, other parameter is 
influencing.

Substrates S1 and S3 presented higher WUE and NUE in elevated CO2 conditions, indicating 
that these plants have the ability to balance water use and carbon assimilation to a higher extent 
than S2. The higher values of water use efficiency (WUE) and nutrient use efficiency (NUE), in 
each individual nutrient, in S1 and S3 were possibly occurring due to the composition of peat 
(S1) and perlite (S3) that was promoting higher water and nutrient availability (Ortiz-Delvasto 
et al. 2024), being the nitrogen compounds those that provide higher NUE increases (Domec, 
Duncan, and McCulloh 2017; McCarthy et al. 2010).

Elevated CO2 caused a significant failed to increase in the concentration of macronutrients, 
K and S, and micronutrients, B and Fe, in blueberry leaves and fruits grown in all S1, S2 and S3 
substrates, in relation to plants grown under control conditions (ambient CO2). As it has been 
reported that the increase in yield caused by elevated CO2 can reduce the mineral quality in the 
edible parts of crops (Dong et al. 2018) in our case, it occurred at a very low extent in fruits for K, 
S, and B. However, Fe and Zn was observed to be limited in leaves but Fe greatly decrease fruits 
with all substrates. The suppression of Fe and Zn has been reported in rice (Oryza sativa L.) under 
elevated CO2 (Chumley and Hewlings 2020) and also in cotton (Gossypium herbaceum L.) (Prior 
et al. 1998), but they could not asses the mechanism leading to such reduction. Although, several 
hypotheses have been proposed, any of them could fit with our results. Some reports indicated that 
the low nutrient concentrations is a result of nutrient dilution, which occurs because the increase in 
carbohydrates synthesis is greater than the increase in nutrient absorption under elevated CO2 con
ditions (Guo et al. 2015). Accordingly, also Ca was suppressed in the fruits of blueberry plants sub
jected to high CO2 conditions could be think in opposite to the study carried out by Fangmeier 
et al. (1999), where they found an increase in Ca and Fe in the grain of wheat under elevated CO2 
conditions. However, the fact that they blueberry are fruits and wheat are seed could reduce the 
confronting results.

Our study demonstrated that elevated CO2 did not affect the concentration of total N in the 
leaves or fruit, but the concentration of total N in fruit increased in plants grown in S2 under ele
vated CO2 conditions. This action was probably because S2 is composed only of coconut fiber, 
which has a high water retention capacity, good aeration capacity, which allows greater water 
availability and therefore greater nutrient retention (Ortiz-Delvasto et al. 2024). Accordingly, He 
et al. (2014) found that elevated CO2 in soybeans increased the entry of labile C into the soil, so 
there are more microbial carbon sources, which increases the abundance of genes in the N cycle. 
Poorter et al. (1997) observed that the decrease in total nitrogen in leaves under elevated CO2 
conditions was lower when plants were grown in hydroponics than in pots, which suggests it is 
related to the improvement of nitrogen nutrition in hydroponic cultivation.

Under control conditions (ambient CO2), plants grown in S1 presented a higher concentration 
of NO3

- in the plant leaf, in relation to plants grown in S2 or S3. This result can be attributed to 
the high cation exchange capacity of peat-based substrates, which primarily affects the retention 
of cations but has little impact on nitrate, making it more available and influencing overall 
plant dynamics. This likely explains the increased nitrate concentration in S1 plants (Bar-Tal 
et al. 2019). However, the lower nitrate concentrations observed under high CO2 conditions indi
cate more efficient nitrogen metabolism.

Research suggests that the N uptake preference of blueberry plants is for ammonium rather 
than nitrate, probably due to an evolutionary mechanism resulting from the adaptation of 

JOURNAL OF PLANT NUTRITION 2149



blueberries to habitats characterized by acid soils, where ammonium is the most abundant inor
ganic N ion available (Claussen and Lenz 1999; Poonnachit and Darnell 2004; Nunez, Olmstead, 
and Darnell 2015; Bryla and Strik 2015). However, it is not clear whether the improved perform
ance of blueberry plants at high NH4

þ concentrations was due to increased N uptake or to 
increased uptake of microelements such as iron, manganese or zinc, which are more accessible at 
low rhizosphere pH (Tamir et al. 2021). In our trial, we used NO3

- as the main source of N with 
high rates of absorption possibly due to the pH adjustment of the nutrient solution.

Differences were found in the concentration of NO2
-, NO3

- ions when the plants were sub
jected to elevated CO2 conditions in all the substrates. A generalized limitation in the concentra
tion of leaf NO3

- was observed in plants grown in S1, S2 and S3. Various studies report a 
decrease in the concentration of NO3

- in plants grown under elevated CO2 conditions (Purvis, 
Peters, and Hageman 1974; Yelle, Gosselin, and Trudel 1987; Geiger et al. 1998; Stitt and Krapp 
1999). On the contrary, regardless of the substrate, an increase in NO2

- concentration was 
observed in both leaves and fruit under elevated CO2 conditions. Taken together, these changes 
in the concentration of total N, nitrate and nitrite under conditions of elevated CO2 can indicate 
that high CO2 can cause greater nitrogen absorption, provided that the nitrogen supply is 
adequate, but, the assimilation of inorganic nitrogen could be modified (Stitt and Krapp 1999). 
To understand the decrease in nitrogen concentration, Taub and Wang (2008) found that the 
reduced uptake of nitrogen is likely caused by a decreased demand for nitrogen by the plant tis
sues and a reduced ability of the soil/root system to supply nitrogen to the rest of the plant. In 
our substrates, it can be observed that plants grown in S2 has low ability to absorb nitrogen and 
low adaptation to assimilate nitrogen since NO2

- was found at higher concentrations than with 
the rest of substrates either in leaves or fruits.

Conclusion

In our study with blueberry plants, it was observed that elevated CO2 levels (1000 ppm) pro
duced faster growth and increased fruit production in relation to enhanced photosynthesis, 
internal CO2 concentration, and stomatal conductance. Also, elevated CO2 positively influenced 
overall plant nutrition by improving nutrient use efficiency (NUE) and water use efficiency 
(WUE). However, the nutritional status of the plants was strongly influenced by the substrate 
composition, which affected how efficiently nutrients were absorbed. Accordingly, the compos
ition of the substrates played a key role in plant development. Substrates S3 (90% coconut fiber 
and 10% perlite) and S1 (70% coconut fiber and 30% peat) were found to be more suitable for 
blueberry cultivation under elevated CO2 conditions, as they facilitate nutrient and water uptake, 
likely due to the inclusion of perlite and peat. Also, the nitrate concentration in leaves of blue
berry of plants grown in S1 revealed a relation to peat composition and the cationic exchange 
capacity. Considering the results related to the suppression of K, S, B and Fe by high CO2, fur
ther investigation is needed to understand the mechanisms which is independent of the sub
strate composition.
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