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from which a general dilution of [N] during the plant
growth was found. [N] in the residual nutrient solution
under eCO2 was lower than that under aCO2 condition.
The decrease was significant in the first (from 11 DAT
to 16 DAT), the fourth (from 26 DAT to 31 DAT), and
the fifth (from 31 DAT to 37 DAT) round of nutrient
solution treatments in all three N levels. It is noteworthy
that [N] in the residual nutrient solution of N1 treatments
were less than 4 mM or even 2 mM in the first three
rounds. Although the decrease by eCO2 was significant
in all the six rounds in N3 treatments, [N] in the six
residual nutrient solutions were still more than 7 mM.

[P] in the residual nutrient solution was also lower than
its initial concentration in the fresh nutrient solution
(Fig. 4). The effects of [CO2] on [P] in the residual nutrient
solution depended on the N supply levels and growth
stages. In the first four rounds of nutrient solution treat-
ments (from 11 DAT to 31 DAT), [P] in the residual

nutrient solution was significantly lower under eCO2 than
that under aCO2 condition in all three N supply levels. The
average decrease was 19.3%, 19.3%, and 17.8% for N1,
N2, and N3, respectively. In the last two rounds of nutrient
solution treatments (from 31 DAT to 44 DAT), compared
with that under aCO2 condition, [P] in the residual nutrient
solution under eCO2 condition was decreased by 22.5%
and 22.3% in N1 and N2 respectively, but stayed the same
in N3. TheN supply levels also had a significant impact on
[P] in the residual nutrient solution. [P] in the residual
nutrient solution showed a steep decrease with the N
supply increasing in the whole experimental period under
both [CO2] conditions. Compared with that in N1, the
average decrease in N3 was 21.2% and 16.6% under
aCO2 and eCO2 condition, respectively. Although it was
always the lowest in N3 under eCO2 condition, [P] in the
residual nutrient solution ranged from 0.45 to 0.64 mM,
about half of the initial value.

Fig. 1 Dry weights (DW) of roots, stems, leaves, fruits, whole
plants, root/shoot ratios, specific leaf dry weights, and leaf areas of
cucumber plants grown under different CO2 and N levels (n = 4).
Bars represent standard errors. Means not followed by the same
lower case letters are significantly different among different CO2

levels in the same N level, and not followed by the same upper

case letters are significantly different among different N levels in
the sameCO2 level, according to Fisher LSD test at p < 0.05. In the
internal table, C, CO2 level; N, N level. Asterisks (*) indicate
significant differences (*p < 0.05; **p < 0.01; ***p < 0.001); Hy-
phen (-) indicates non-significant differences (p ≥ 0.05)

130 Plant Soil (2021) 465:125–141



[K] in the residual nutrient solution after six rounds
of nutrient solution treatments is shown in Fig. 4. The
final [K] was similar to its initial concentration in low N
supply under aCO2 condition but was observably lower
in high N supply under eCO2 condition. In N1 supply,
no significant reduction in [K] in the residual nutrient
solution was found under eCO2 compared with that
under aCO2 condition, except for the fourth and fifth
rounds (from 26 DAT to 37 DAT). In N2 and N3
supplies, [K] in the residual nutrient solution was sig-
nificantly lower under eCO2 than that under aCO2 con-
dition, except for the second round in N2 supply. The
average decrease under eCO2 was 21.8% and 23.6% in
N2 and N3, respectively. [K] in the residual nutrient
solution also exhibited a general decline with the N
supply increasing regardless of [CO2] and growth stage.
The decreases from N1 to N3 were 13.7% and 27.5%
under aCO2 and eCO2 condition, respectively. The low-
est value of [K] in the residual nutrient solution in the
last four rounds ranged from 3.1 to 3.8 mM.

According to the water volume, [N], [P], and [K] in
the fresh and residual nutrient solution, the water, N, P,

and K consumptions in each round and their total con-
sumptions by individual cucumber plants from the nu-
trient solution were calculated (Fig. 5). When the plants
received moderate (N2) and high (N3) N supply, eCO2

significantly increased the water consumption per plant
by 30.1% and 27.6% compared with those under aCO2

condition. The water consumption was dramatically
increased by 75.9% with the N supply increasing from
N1 to N3 under eCO2 condition. Elevated N supply
significantly increased the N consumption per plant,
and the average increases were 106.9% and 188.1% in
N3 compared with that in N1 under aCO2 and eCO2

condition, respectively. In N2 and N3 treatments, eCO2

increased the N consumption per plant by 60.9% and
72.9%, respectively. The P consumption per plant was
steadily increased with either N supply or [CO2] increas-
ing. The increase of P consumption per plant by eCO2

was 60.4%, 50.2%, and 27.2% for N1, N2, and N3,
respectively. Compared with that in N1, the P consump-
tion per plant was 73.7% and 37.8% higher in N3 under
aCO2 and eCO2 condition, respectively. The K con-
sumption per plant was significantly increased by

Fig. 2 Net photosynthesis rate, photosynthesis rate per plant,
transpiration rate, and transpiration rate per plant of cucumber
plants grown under different CO2 and N levels (n = 4). Bars
represent standard errors. CO2 levels: C1, 400 μmol·mol−1; C2,
800 μmol·mol−1. Means not followed by the same lower case
letters are significantly different among different CO2 levels in

the same N level, and not followed by the same upper case letters
are significantly different among different N levels in the same
CO2 level, according to Fisher LSD test at p < 0.05. In the internal
table, C, CO2 level; N, N level. Asterisks (*) indicate significant
differences (*p < 0.05; **p < 0.01; ***p < 0.001); Hyphen (-) in-
dicates non-significant differences (p ≥ 0.05)
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