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The aim of this study was to evaluate the effects of different herbicides on the morphophysiological traits of
Solidago canadensis L., including plant height, stem diameter, leaf area, number of regenerating shoots, and
photosynthetic activity. The research was conducted from 2020 to 2025 in natural phytocenoses of the Western Forest-
Steppe of Ukraine. Herbicide treatments were applied during the rosette stage and early phases of intensive vegetative
growth to assess the maximum biological effect of systemic herbicides. The control variant did not involve the use of
chemical agents. Results showed that all tested herbicides suppressed the morphometric parameters and photosynthetic
activity of S. canadensis L., although the degree of effect varied. The strongest suppression was observed with Lintur
(0.3 kg/ha), which reduced plant height, stem diameter, and leaf area, limited the number of regenerating shoots, and
significantly decreased photosynthetic rate, chlorophyll content, and transpiration intensity. Roundup Max (4.0 L/ha)
exhibited an intermediate effect, while Dianat (1.5 L/ha) caused moderate suppression. Phenological development was
also delayed, particularly after Lintur application, as evidenced by postponed stem elongation, budding, and flowering.
These findings can serve as a basis for developing regulated chemical control schemes for S. canadensis L., improving
phytocenosis management, and conserving biodiversity in agricultural landscapes and natural ecosystems.
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Introduction

The rapid spread of invasive plant species
represents one of the most serious threats to biodiversity,
ecosystem stability, and agricultural productivity
worldwide (Svejcar L.N. et al., 2024). Among these
species, Solidago canadensis L. has become particularly
aggressive and ecologically plastic, invading much of
Europe and parts of Asia. This perennial rhizomatous
species, native to North America, has demonstrated
remarkable adaptability to diverse soil and climatic
conditions, enabling it to colonize abandoned lands,
agricultural fields, road margins, and natural ecosystems
(Smith A.L. etal., 2023, Spake R. et al., 2021).

Its high reproductive capacity, vegetative
propagation through extensive rhizome systems, and
strong competitive ability allow it to form dense
monodominant stands that suppress native vegetation
and alter ecosystem functioning (Anas M. et al., 2025,
Byun C. et al., 2023).

The invasive success of S. canadensis is closely
associated with its pronounced morphophysiological
plasticity. The species exhibits rapid vertical growth,
considerable leaf area expansion, and efficient
photosynthetic activity, which together enhance its
competitive dominance (Szymura M. et al., 2022).

In addition, its well-developed root and rhizome
system ensures high regenerative capacity even after
mechanical disturbances. Such biological traits

complicate management efforts and require the
development of effective control strategies based on a
clear understanding of plant physiological responses to
stress factors (Davies K.W. et al., 2024, Cheng J. et al.,
2021).

Chemical control remains one of the most widely
used methods for managing invasive herbaceous
species, particularly in agricultural and semi-natural
landscapes. Herbicides provide relatively rapid
suppression of aboveground biomass and can reduce
regenerative potential if properly selected and applied
(Vantarova K.H. et al., 2023).

However, the effectiveness of herbicide
treatments depends not only on the dosage and timing of
application but also on the physiological sensitivity of
the target species. Herbicide-induced stress can
significantly ~ alter  plant  growth  dynamics,
photosynthetic activity, water balance, and assimilate
allocation (Ye X. et al., 2025, Wang S. et al., 2025).
Therefore, assessing morphophysiological parameters is
essential for evaluating both immediate and long-term
effectiveness of chemical control measures (Korpita H.,
2025, Lin H. et al., 2023).

Despite numerous studies on the distribution and
ecological impact of S. canadensis, less attention has
been given to a detailed analysis of its
morphophysiological responses to herbicide application
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under controlled experimental conditions (Ye X.Q. et
al., 2024). Understanding changes in plant height, stem
diameter, leaf area, chlorophyll content, and formation
of regenerative shoots provides valuable insight into the
mechanisms of suppression and potential recovery
following treatment. Such information is particularly
important for optimizing herbicide selection and
improving integrated  management  approaches
(Murillo R.D.A. & Wagner V., 2025, Mohrle K. et al.,
2021, Lu H. et al., 2020).

In regions where S. canadensis actively spreads
in agroecosystems, including Eastern Europe, the need
for scientifically grounded control strategies is
especially pressing. The spread of this species not only
reduces crop yields but also increases production costs
associated with weed management. Moreover, residual
rhizome fragments in the soil can lead to reinfestation,
even after visible suppression of aboveground parts
(Roiloa S.R. et al., 2022, Pysek P. et al., 2020).

The aim of this study was to evaluate the effect
of herbicide application on the morphophysiological

Table 1. Application scheme of herbicides

parameters of Solidago canadensis L., with particular
focus on plant height, stem diameter, leaf area, and
photosynthetic activity.

Materials and methods

The research was conducted from 2020 to 2025
in natural phytocenoses of the Western Forest-Steppe of
Ukraine. The study objects were perennial plants of
Solidago canadensis L. Field observations were carried
out on plots with relatively uniform plant cover density
to ensure comparability of results.

Herbicide treatments were applied during the
rosette stage and early phases of intensive vegetative
growth, which are considered most sensitive to systemic
herbicides. Selecting these application times allowed
assessment of the maximum biological effect of
herbicides at early stages of S. canadensis development.
The control variant did not involve the use of herbicides.
The working solution was applied with a trailed sprayer
under controlled pressure to ensure uniform coverage of
plants (Table 1).

Variant Herbicide | Application Rate |

Active Ingredient

I Control (no herbicide applied)

I Lintur 0.3 kg/ha 41 g/kg triasulfuron; 659 g/kg dicamba (sodium salt)

11l Dianat 1.5L/ha 480 g/L dicamba

v Roundup Max 4.0 L/ha 450 g/L glyphosate (acid equivalent); 551 g/L as
potassium salt of glyphosate

Source: results of own scientific research

The physiological state of plants was assessed
based on visual and morphological traits. The analysis
included evaluation of growth suppression, disturbances
in morphogenesis of vegetative organs, the rate of apical
and lateral meristem death, and the ability of plants to
regenerate after chemical treatment. Physiological
changes were recorded 7, 14, 21, and 30 days after
herbicide application. During this period, the
appearance of leaf blade deformations, changes in
growth intensity, partial or complete loss of turgor,
development of chlorosis and tissue necrosis, and
cessation of the main shoot growth were assessed. The
physiological effect of herbicides was determined by the
nature and rate of symptom development, allowing
evaluation of the systemic action of the products even in
the absence of quantitative biochemical indicators.

Morphometric analysis was performed to
quantitatively evaluate the biological effectiveness of
chemical control of Solidago canadensis L. Plant height,
stem diameter at the base, leaf area (calculated from
linear leaf measurements), and the number of
regenerative shoots after treatment were recorded.
Measurements were taken on fixed observation plots
before herbicide application and 30 days after treatment.
The obtained data were used for comparative analysis

Results and discussion
The results of the study demonstrate the effect of
different herbicides on the morphometric and

between control and treated variants. Morphometric
parameters allowed an objective assessment of growth
suppression, structural disruption of plant organization,
and the ability of plants to recover after chemical
exposure.

Phenological observations were carried out to
determine the effect of herbicides on the developmental
rhythm and generative cycle of S. canadensis L. During
the growing season, the timing of major developmental
phases—shoot emergence, stem elongation, budding,
and flowering—was recorded, along with any shifts in
phenological phases following herbicide treatment.

Photosynthetic activity of
Solidago canadensis L. was evaluated using modern
portable instruments. The rate of photosynthesis (Pn,
umol CO,-m™2.s71) and transpiration intensity (Tr,
mmol H,O-m™2-s71) were measured using a portable gas
exchange analyzer LI-6400XT (LI-COR, USA) on
leaves from the middle part of the plant. Leaf surface
condition and chlorophyll content were assessed
spectrophotometrically using a SPAD-502 Plus (Konica
Minolta, Japan). Data were statistically processed using
descriptive statistics and analysis of variance (ANOVA)
with a significance level of p < 0.05.

regenerative parameters of Solidago canadensis L.
30 days after treatment, allowing assessment of
chemical control effectiveness at early stages of plant
development. Significant growth suppression of
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S. canadensis L. was observed compared to the control.
Control plants reached an average height of 140 cm,
with a stem diameter of approximately 1.1 cm and leaf
area of 950cm? producing an average of six
regenerative shoots.

The most effective herbicide was Lintur
(0.3 kg/ha), which reduced plant height to 65 cm, stem
diameter to 0.6 cm, and leaf area to 420 cm?, while the
number of regenerative shoots decreased to two.
Treatments with Dianat (1.5 L/ha) and Roundup Max
(4.0 L/ha) had a moderate effect: after Dianat, plants
reached 92cm in height, 0.8cm in stem diameter,
630 cm? in leaf area, and produced four regenerative

Table 2. Effect of herbicides on morphometric parameters of Solida

shoots; Roundup Max reduced height to 110 cm, stem
diameter to 0.9 cm, leaf area to 780 cm?, and produced
five regenerative shoots.

These results indicate that all tested herbicides
suppressed morphometric parameters of plants, but
Lintur exhibited the strongest systemic effect,
significantly limiting growth, leaf area development,
and regenerative capacity of S. canadensis L. This
confirms the high sensitivity of this growth stage to
systemic herbicides and allows recommending Lintur as
the most effective chemical control agent for managing
this invasive species in natural and semi-natural
phytocenoses.

0 canadensis L. (30 days after treatment)

Variant Height, cm Stem diameter, cm Leaf area, cm? Regenerative shoots,
pcs

Control 140+ 15 1.1+0.1 950+ 80 61

Lintur 0.3 kg/ha 65+8 0.6+0.1 420+ 50 2+1

Dianat 1.5 L/ha 92+10 0.8+0.1 630+ 60 4+1

Roundup Max 110+12 0.9+0.1 780+70 5+1

4.0 L/ha

Source: results of own scientific research.

It was also observed that during the first week
after herbicide application, plant growth sharply slowed
down in all treated variants compared to the control. The
strongest growth inhibition was recorded in the Lintur
treatment (25 cm), which was nearly half the height of
the control. Dianat and Roundup Max also significantly
reduced plant growth, reaching 35cm and 40cm,
respectively, indicating differences in the initial activity
of the herbicides, with Lintur exhibiting the fastest toxic
effect on the plants.

By the 30th day, plants in the control reached a
maximum height of 140 cm, demonstrating high vigor
and unrestricted growth. Lintur halted plant
development at 65 cm, indicating that the total growth
over 30 days was only 40 cm, or approximately 28.5%

= Control Lintur 0.3 kg/ha

50
25
35
40
85
40
60
70

Source: results of own scientific research

Dianat 1.5 L/ha

DAYs

of the control. After Dianat treatment, plant height
reached 92 cm, and after Roundup Max — 110cm,
corresponding to 65.7% and 78.6% of the control height,
respectively. Thus, Lintur proved to be the most
effective in suppressing growth, Roundup Max had a
moderate effect, and Dianat showed weak growth
inhibition.

Analysis of growth dynamics shows that
herbicides not only reduce maximum height but also
slow the growth rate at all developmental stages. The
greatest inhibition occurred during the early growth
stages (7-14 days), after which growth partially
recovered, especially in the Dianat and Roundup Max
variants, whereas Lintur consistently suppressed growth
throughout the entire observation period (Fig. 1).

Roundup Max 4.0 L/ha

140

55
80
95
65
92
110

I 115

21 30

Figure 1. Dynamics of plant height of Solidago canadensis L. (cm)
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The study showed that the progression of
phenological phases of Solidago canadensis L. closely
correlates with plant growth dynamics and herbicide
effectiveness. In the control variant, all plants reached
the stem elongation phase, with 90% of plants entering
the budding stage and 80% reaching flowering. This
indicates active and unhindered development, which
aligns with the high growth rate and maximum plant
height observed in the control (140 cm by day 30).

Application of Lintur significantly slowed
phenological development. Only 60% of plants
reached stem elongation, while 30% and 10% reached
budding and  flowering, respectively.  This
demonstrates a strong inhibitory effect of the herbicide
not only on plant height but also on reproductive
development. This effect can be attributed to Lintur
slowing the growth and development of the apical
meristem, directly impacting bud and flower

formation.

o

o

—
o
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| |
| |

Control

m Stem Elongation (%)

o
—

e s0
I 30

o

Lintur 0.3 kg/ha

Note: Data are presented as % of plants that reached the corresponding phase.

Source: results of own scientific research

® Budding (%)

Dianat 1.5 L/ha

The herbicide Dianat exhibited moderate
suppression of phenological development: 80% of
plants reached stem elongation, 60% reached budding,
and 40% reached flowering. During early stages, plants
partially continued to grow, which corresponds with
the previously reported height data (growth up to
92 cm by day 30); however, the pace of phase
progression was lower than in the control. This
indicates that Dianat inhibits  phenological
development less strongly than Lintur, though it still
slows development, particularly during the budding
stage.

Roundup Max showed an intermediate effect
between Lintur and Dianat. Stem elongation was
reached by 70% of plants, budding by 50%, and
flowering by 30%. Roundup Max slows plant
development at all stages, with a less pronounced
effect during early stem elongation compared to Lintur,
but a stronger effect during budding and flowering

(Fig. 2).

Flowering (%)
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Roundup Max
4.0 L/ha

Figure 2. Progression of phenological phases of Solidago canadensis L. (%)

The study of the photosynthetic activity of
Solidago canadensis L. after herbicide application
showed a clear dependence of the photosynthesis rate
(Pn) on time and the effectiveness of the applied
herbicide. On the 7th day after treatment, control plants
demonstrated an average photosynthesis rate of
12.5 umol CO,-m™2.s71, corresponding to the initial
active growth phase. The strongest suppression was
observed in the Lintur treatment, where Pn was only
6.0 umol CO,-m~2-s71, reflecting the high toxic effect
of the herbicide at early developmental stages. Dianat
and Roundup Max showed intermediate values of 8.0
and 7.5 umol CO,-m™2-s71, respectively, indicating
moderate inhibition of photosynthetic activity.

By the 14th day, control plants actively
increased  photosynthesis, reaching  18.0 umol
CO,-m™2.s7, correlating with increased height and leaf

area. Lintur continued to maintain a low Pn at 8.5 umol
CO,-m™2-s71, indicating stable suppression of growth
processes, whereas Dianat and Roundup Max allowed
partial recovery of photosynthesis, reaching 12.0 and
11.5 umol CO,-m™2-s71, respectively.

On the 21st day, control plants reached
22.0umol  CO,-m72.s71,  demonstrating  high
physiological activity during the intensive growth and
budding phases. Lintur remained the strongest
suppressor, maintaining Pn at 10.0 umol CO,-m™2.s71,
Dianat and Roundup Max gradually increased
photosynthesis to 15.0 and 14.0 umol CO,-m™2.s71,
reflecting moderate recovery of photosynthetic
activity.

By the 30th day, control plants reached the
maximum Pn of 24.0 ymol CO,-m™2-s7, coinciding
with the flowering phase and completion of generative
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development.  Lintur  maintained the lowest
photosynthesis level at 11.0 umol CO,-m™2.s7%

demonstrating prolonged and stable suppression of
physiological activity. Dianat and Roundup Max
reached 16.5 and 17.0 pmol CO,-m~2-s71, respectively,

indicating their partial effectiveness and moderate
inhibition of growth and development in the later
stages (Table 3).

Table 3. Dynamics of photosynthetic activity of Solidago canadensis L. after herbicide treatment, Pn (umol
Coz.m_Z.c_l)
Variant 7 days 14 days 21 days 30 days

Control 125+1.2 180+15 22.0+1.8 240+2.0

Lintur 0.3 kg/ha 6.0+£0.8 85+10 100+£1.2 11.0+1.3

Dianat 1.5 L/ha 8.0+£09 120+£1.2 150+15 16.5+1.6

Roundup Max

40 Lha 75+09 115+1.3 140+£15 170+ 1.7

Source: results of own scientific research

Photosynthetic parameters correlated with
leaf surface condition and transpiration intensity.
Thirty days after herbicide application, control plants
exhibited high chlorophyll content (SPAD — 42 + 3
arbitrary units) and maximum transpiration rate (Tr —
5.0 £ 0.5 mmol H.O-m™2-s"), reflecting active
physiological activity and unobstructed leaf
development. Treatment with Lintur at 0.3 kg/ha
caused a significant reduction in both indicators:
SPAD decreased to 28 = 2, and Tr to 2.5 £ 0.3,

indicating strong suppression of the photosynthetic
apparatus, reduced chlorophyll content, and impaired
water exchange. Dianat at 1.5 1/ha and Roundup Max
at 4.01/ha showed intermediate effects. In Dianat-
treated plants, SPAD was 34 + 3, and Tr — 3.5 + 0.4,
whereas in the Roundup Max variant, SPAD reached
36 £ 3, and Tr — 4.0 £ 0.4, indicating moderate
suppression of physiological activity compared to the
control (Table 4).

Table 4. SPAD and leaf transpiration (Tr) of Solidago canadensis L. (30 Days)
Variant SPAD Tr (mmol H,O0-m™2-s71)
Control 42+3 50+£05
Lintur 0.3 kg/ha 28+2 25+0.3
Dianat 1.5 L/ha 34+3 35+04
Roundup Max 4.0 L/ha 36+3 4.0+£04

Source: results of own scientific research

Thus, the SPAD and transpiration data confirm
the conclusions from the photosynthesis dynamics:
Lintur most strongly suppresses the physiological
activity of plants, inhibiting both photosynthesis and
water exchange, whereas the effects of Dianat and
Roundup Max are less pronounced, allowing plants to
partially maintain photosynthetic activity and leaf
turgor. These results are consistent with the
morphometric  and  phenological  parameters,
demonstrating that herbicide effectiveness directly
correlates with reductions in photosynthetic activity
and leaf condition.

Conclusions

The conducted study demonstrated that
herbicide application during the early growth phases of
Solidago canadensis L. significantly affects the
morphometric, phenological, and photosynthetic
parameters of the plants. Control plants, after 30 days,
reached an average height of 140 cm, stem diameter of
1.1 cm, leaf area of 950 cm?, and formed an average of
six regenerative shoots, with photosynthesis rate (Pn)
0f 24.0 umol CO2-m™2-s7*, chlorophyll content (SPAD)

Therefore, the study showed that herbicides
significantly affect the morphometric, phenological,
and photosynthetic parameters of Solidago canadensis
L. The strongest suppression of growth, reproductive
organ development, and photosynthetic activity was
observed in the variant treated with Lintur (0.3 kg/ha),
manifested as reductions in plant height and stem
diameter, leaf area, number of regenerative shoots,
photosynthesis rate, chlorophyll content, and
transpiration intensity. Roundup Max (4.0 I/ha)
exhibited an intermediate effect, while Dianat
(1.5/ha) caused moderate inhibition of plant
physiological activity.

of 42 arbitrary units, and transpiration intensity (Tr) of
5.0 mmol H:2O-m™2-s™".

The most effective herbicide was Lintur
(0.3 kg/ha), which reduced plant height to 65 cm, stem
diameter to 0.6 cm, leaf area to 420 cm?, number of
regenerative shoots to two, photosynthesis rate to
11.0pmol CO:m™2's', SPAD to 28 units, and
transpiration to 2.5 mmol H>O-m™:s™'. Treatment with
Dianat (1.51/ha) and Roundup Max (4.0 1/ha) had
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moderate effects: plant heights were 92 cm and
110 cm, stem diameters 0.8 cm and 0.9 cm, leaf areas
630 cm? and 780 cm?, regenerative shoots 4 and 5, Pn
16.5 and 17.0umol CO:'m2s!, SPAD 34 and
36 units, and Tr 3.5 and 4.0mmol H.O-m?2-s7,
respectively.
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JIbBiBChKMIT HAllIOHAILHUN YHIBEPCUTET BETEPUHAPHOT MEAUIIMHH
Ta Giorexuooriit imeni C. 3. [XuUIBbKOro

Meroto jmociikeHHs: OyJI0 OIHIOBAaHHS BIUIMBY pi3HHX TepOiimaiB Ha Mop¢doQi3ionoriydi MOKa3HUKH
Solidago canadensis L., 30kpema BHCOTY pOCiHH, AiameTp cTedia, IOy JUCTKOBOI MOBEPXHi, KUIBKICTh BiJHOBHHX
MaroHiB, a TaKoX (POTOCHHTETHYHY aKTUBHICTh. JlocmimkeHHs: BueoHano y 2020-2025 pp. y npuponHux ditonenozax
3axigHoro Jlicocreny Ykpainu. ['epOinunny oOpoOKy BUKOHYBaJM y (a3i po3eTKH Ta Ha PaHHIX eTanax iHTEHCHBHOTO
POCTY POCIHH, IO J03BOJISUIO OLIIHUTH MAaKCUMAJbHUI OiooriuyHui eekT CHCTeMHHUX TpenapatiB. BapianT KoHTpolto
He Tnepen0avyaB 3aCTOCYBaHHS XiMIYHUX 3aCO0IB.

Pe3ynpraTi moOKa3zanM, IO BCi JIOCHI/PKeHI TepOIMIy NPUTHIYYIOTh MOP(OMETPUYHI TOKa3HHKUA Ta
¢dorocuHTeTHUHY aKTHBHICTE S. canadensis L., mpore crymiee edekTy pisHuBCsA. HaiibGinbime mTpUTHIYCHHS
crnocrepirainocs micisi 00pooku repoinmmom Jlintyp (0,3 kr/ra), sikuil 3MEHIIYBaB BUCOTY POCIHH, JiaMeTp credia ta
IUIONIY JIMCTKIB, OOMEXYBaB KUIBKICTh BiTHOBHHMX IIarOHIB Ta CYTTEBO 3HM)KYBaB IIBHUIKICTH (POTOCHHTE3Y, BMICT
xJiopodisTy Ta IHTEHCHBHICTh TpaHcmipartiii. Paynnan Makc (4,0 n/ra) neMoHCTpyBaB IpoMiXKHUN edekT, Tomi sk Jianat
(1,5 n/ra) npurHiuyBaB pOCIHUHHU TTOMIPHO.

DeHONMOTIYHUH PO3BUTOK POCIHH TaKOX YIIOBLIHHIOBABCS, OCOOIMBO MICIs 3aCTOCYBaHH: repoinuny JIinTyp, mo
MPOSIBISUIOCS Y 3aTpUMIl cTeOnyBaHHs, OyToHi3alii Ta uBiTiHHA. OTpUMaHI JaHi MOXYTh CIYTYBaTH OCHOBOIO IS
PO3POOKH PErTaMEHTOBaHMX CXEM XIMiYHOro KOHTpoito S. canadensis L., migBumieHHs e)EeKTHBHOCTI yIpaBIIiHHSI
¢iTorieHo3aMu Ta 30epekeHHs O10pI3HOMAHITTS Ha arpoianamadTax i MPUPOJHUX TEPUTOPISIX.

Koarwuogi ciioBa: repOinuan, MOpGOMeTprYHI TOKa3HUKH, POTOCHHTETUYHA AaKTUBHICTh, ()EHOJIOTIsl, CHCTEMHU I
KOHTPOJIb, IHBa3WBHI POCTHHY, 3aximuuii Jlicocren Ykpainu
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