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Abstract The present review gives an overview
about the status of research on seasonal variation of
natural products in herbs growing in or grown in
Europe. Due to pronounced differences in weather
patterns, papers covering plants from the Mediter-
ranean, the temperate, and the cold climate zones are
reviewed separately. Apart from trying to give an
overview of the existing newer literature after the year
2000, we try to identify some repeatedly found
seasonal trends and discuss some possible explana-
tions for these trends. Moreover, some suggestions,
which encompass both research bias and desirable
quality standards concerning experimental designs for
future studies, are given. The covered investigations
are mainly focused on aerial parts and leaves. Some
publications are also dealing with flowers and roots.
The composition of essential oils of aromatic plants
are particularly well investigated. Phenolics are the
most often studied compound class, including differ-
ent types of phenolic acids, flavonoids, and tannins.
Additionally, some papers assess the seasonal varia-
tion of alkaloids and lipophilic compounds.
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Introduction

Living plants are intimately linked to their environ-
ment and thus strongly influenced by climatic factors.
Many plant taxa used as medicines, spices, and food
plants are herbs. The seasonal variation of active
ingredients in these herbs, both desired as active
ingredients and unwanted as toxins or off-taste
producing compounds, is well known in folk lore.
Nonetheless, scientifically this topic has not been
exhaustively studied yet. There are, however, a
number of literature reports focusing on seasonal
variation of plant natural products. Unfortunately, not
all papers published in this field use adequate analyt-
ical methods and sampling methodologies. Therefore,
not all papers published in this broad field have been
included in the current review. We were particularly
interested in high quality papers with adequate ana-
lytical methods and a well-defined sampling protocol.
One of our aims was to compare the found trends with
the trends previously described trends for trees in
Europe (Zidorn 2018). An additional focus was to
reveal potential differences between different climate
zones.

Literature was searched using the keywords “sea-
sonal variation”, “seasonal changes” in combination
with “natural products”, and “herbs” in the Google
Scholar, Sci Finder, and Web of Science databases
from August to November 2020. Only papers dealing
with herbs growing/grown in an open-air environment
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were included; thus, studies on plants grown in green
houses or culture media were not reviewed. Also,
manuscripts covering too short time spans, i.e. less
than at least two seasons were excluded.

In order to keep the review within manageable
limits, we have restricted this review to Europe and its
three main climatic zones, Mediterranean, temperate,
and cold climates. The climate classification map
(Fig. 1) of Europe from the EEA (European Environ-
ment Agency) shows that the dominant climate type in
European area is temperate, followed by cold and
subtropical. However, without changing the area
indicated in the map, we use in the following text
the term Mediterranean climate for the climate
prevailing in the South of Europe, around the
Mediterranean, and in the West of the Iberian Penin-
sula. In the following sections, annual and perennials
herbs on the one hand and sub/under-shrubs are
discussed separately.

In the present review, the focus is on recent papers
(published year > 2000), using modern analytical
techniques like GC/GC-MS, HPLC/LC-MS, and
gNMR. Using the criteria explained above, 52 papers
were selected. Though this number is not as high as
desired when we started our work, we are confident
that some general conclusions still can be drawn. In
the following sections, all the binomial names are
checked and revised according to World Flora Online,
e.g., several former members of Clusiaceae/Guttiferae
are now placed in the Hypericaceae family; Cala-
mintha nepeta (L.) Savi is a synonym of Clinopodium
nepeta (L.) Kuntze. If the binomial names could not be
found in World Flora Online, author citations from the
original publications for scientific species names were
kept, e.g. Hypericum perforatum subspecies angusti-
folium (DC.) Gaudin and veronense (Schrank) Frolich.

The data edited below include 38 articles studying
seasonal variation of European herbs in a total of 29
genera and 15 families. Fifteen reports are dealing
with herbs from the Mediterranean climate zone from
thirteen genera (Artemisia, Calendula, Clinopodium,
Foeniculum, Helichrysum, Hypericum, Micromeria,
Origanum, Ruta, Satureja, Scrophularia, Thymbra,
and Thymus) belonging to six families (Apiaceae,
Asteraceae, Fabaceae, Hypericaceae, Lamiaceae,
Rutaceae, and Scrophulariaceae). Twenty-one reports
deal with herbs from the temperate climate zone and
encompass nineteen genera (Alchemilla, Antirrhinum,
Artemisia, Barbarea, Clinopodium, Echinacea,
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Fig.1 Main climates of Europe, Mediterranean, temperate, and »
cold climates. The map was drawn by European Environment

Agency (https://www.eea.europa.eu/data-and-maps/figures/
climate)
Gentiana, Glechoma, Glycyrrhiza, Hypericum,

Macleaya, Medicago, Melittis, Mentha, Narcissus,
Pulmonaria, Satureja, Stylophorum, and Thymus)
from eleven families (Amaryllidaceae, Asteraceae,
Boraginaceae, Brassicaceae, Fabaceae, Gentianaceae,
Hypericaceae, Lamiaceae, Papaveraceae, Plantagi-
naceae, and Rosaceae). Two reports are concerning
herbs species from the cold zone from two genera
Corydalis (Papaveraceae) and Geranium (Gerani-
aceae) (Table 1). Regarding shrubs, fourteen articles
were selected, these deal with five genera from three
families. Ten reports are concerning sub-shrubs and
shrubs from the Mediterranean climate zone encom-
passing five genera (Digitalis, Hypericum, Rosmari-
nus, Salvia, and Thymus) from three families
(Hypericaceae, Lamiaceae, and Plantaginaceae). Four
reports focus on sub-shrubs from temperate climates,
these cover species from two genera (Rosmarinus and
Salvia), both from the Lamiaceae family (Table 2).

Factors relevant for seasonal changes in plant
natural products

Various genetic, ontogenic, morphogenetic, and envi-
ronmental factors can influence the biosynthesis and
accumulation of natural products. While herbs
develop and grow, they follow a series of pre-
dictable and recognizable stages: the seedling stage,
vegetative stage, flowering stage, fruiting stage, and
finally senescence. During these changes of ontoge-
netic and morphological stages, the content of natural
products often changes dramatically. These changes
can be partially explained by the allocation theory and
by pressure from herbivores (Barton and Koricheva
2010; Boege and Marquis 2005). On the other hand,
natural products can be biosynthesized gradually in
response to environmental stress. In this context,
temperature, radiation, water availability, and other
factors have been proven to have an impact. Simul-
taneously, all these factors change with time and thus
synergistically change during the growing season.
Therefore, seasonal variation comprises several
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Table 1 Herb species and the main types of natural compounds investigated during seasons in references”

Climate Countries Families Species Types of natural ~ Research References
classification products organs
Mediterranean ®  Spain Asteraceae Artemisia absinthium L. Essential oil Aerial parts Llorens-Molina
and Vacas
(2015)
Greece Asteraceae Artemisia arborescens Essential oil Aerial parts Michelakis
(Vaill.) L. et al. (2016)
France Asteraceae Calendula arvensis Essential oil Aerial parts Paolini et al.
M.Bieb.® (2010)
Italy Lamiaceae Clinopodium nepeta (L.)  Phenolic acids, Leaves Pacifico et al.
Kuntze Flavonoids (2015)
Italy Apiaceae Foeniculum vulgare Mill. Phenylpropanoids, Leaves Scognamiglio
Flavonoids et al. (2015)
Asteraceae Helichrysum italicum
(Roth) G.Don
Lamiaceae Micromeria graeca (L.)
Benth. ex Rchb.
Lamiaceae Clinopodium nepeta (L.)
Kuntze
Lamiaceae Origanum vulgare L.
Lamiaceae Satureja montana L.
Lamiaceae Thymus longicaulis
C.Presl
Bosnia and Asteraceae Helichrysum italicum Essential oil Aerial parts Tali¢ et al.
Herzegovina (Roth) G.Don (2019)
Italy Hypericaceae Hypericum perforatum L. Hypericins, Aerial parts Filippini et al.
subsp. Hyperforins, (2010)
Flavonoids
perforatum
angustifolium (DC.)
Gaudin
veronense (Schrank)
Frolich
France Hypericaceae Hypericum perforatum L. Essential oil Aerial parts Schwob et al.
(2004)
Croatia Lamiaceae Origanum vulgare L. Essential oil Aerial parts Jerkovic et al.
subsp. hirtum (Link) (2001b)
Tetsw.
Croatia Lamiaceae Origanum vulgare L. Essential oil Aerial parts Jerkovic et al.
subsp. hirtum (Link) (2001a)
Tetsw.
Ttaly Rutaceae Ruta graveolens L. Phenolics Leaves Pacifico et al.
(2016)
Croatia Lamiaceae Satureja montana L., Essential oil Aerial parts Milos et al.
Satureja cuneifolia Ten. (2001)
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Table 1 continued
Climate Countries Families Species Types of natural ~ Research References
classification products organs
Spain Scrophulariaceae  Scrophularia scorodonia ~ Harpagoside Leaves, Galindez et al.
L. Flowers, (2000)
Steams
Greece Lamiaceae Thymbra spicata L. Essential oil Leaves, Flowers Stefanaki et al.
(2018)
Italy Lamiaceae Thymus longicaulis Phenolic acids, Leaves Galasso et al.
C.Presl Flavonoids (2014)
Temperate Germany Rosaceae Alchemilla vulgaris L. Ellagitannins, Leaves, Stalks Duckstein et al.
Flavonoids (2012)
Alchemilla mollis (Buser)
Rothm.
Denmark Plantaginaceae Antirrhinum majus L. Iridoids Aerial parts Drghse
Hggedal and
Mglgaard
(2000)
The Asteraceae Artemisia annua L2 Artemisinin Leaves Wallaart et al.
Netherlands (2000)
Denmark Brassicaceae Barbarea vulgaris RBr.  Glucosinolates Leaves Agerbirk et al.
(2001)
Serbia Lamiaceae Clinopodium pulegium Essential oil Aerial parts Slavkovska
(Rochel) Brauchler et al. (2013)
Denmark Asteraceae Echinacea purpurea (L.)  Lipophilic Roots Thomsen et al.
Moench, Echinacea compounds, (2012)
pallida (Nutt.) Nutt. Phenolic acids
Serbia Gentianaceae Gentiana lutea L. Iridoids, Leaves, Flowers Menkovié et al.
Flavonoids (2000)
Hungary Lamiaceae Glechoma hederacea L. Phenolics Aerial parts Varga et al.
(2016)
Czech Fabaceae Glycyrrhiza glabra L. Phenolics Roots Cheel et al.
Republic (2013)
Slovakia Hypericaceae Hypericum maculatum Hypericins, Flower organs Martonfi et al.
Crantz Flavonoids (2006)
Slovakia Hypericaceae Hypericum perforatum Dianthrones, Flowers Tekel’ova et al.
subsp. veronense hyperforin, (2000)
(Schrank) H.Lindb flavonoids
Czech Papaveraceae Macleaya microcarpa Alkaloids Aerial parts, Péncikova et al.
Republic (Maxim.) Fedde Underground (2011)
parts
Poland Fabaceae Medicago sativa L. Flavonoids Aerial parts Stochmal and
Oleszek
(2007)
Poland Lamiaceae Melittis melissophyllum Phenolic acids Aerial parts Skrzypczak-
L. Pietraszek
and
Pietraszek
(2012)
Poland Lamiaceae Melittis melissophyllum Flavonoids Leaves, Flowers Skrzypczak-
L. Pietraszek
and
Pietraszek
(2014)
Slovakia Lamiaceae Mentha x piperita L. Essential oil Not clear Grulova et al.

(2015)
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Table 1 continued

Climate Countries Families Species Types of natural ~ Research References
classification products organs
The Amaryllidaceae Narcissus Alkaloids Bulbs, Leaves, Lubbe et al.
Netherlands pseudonarcissus L. cv. Roots (2013)
Carlton
Poland Boraginaceae Pulmonaria officinalis L. Phenolic acids, Aerial parts Krzyzanowska-
Flavonoids Kowalczyk
et al. (2018)
Serbia® Lamiaceae Satureja horvatii Silié Essential oil Aerial parts Lakusic et al.
(2011)
Czech Papaveraceae Stylophorum lasiocarpum  Alkaloids Aerial parts, Sebrlov et al.
Republic (Oliv.) Fedde Roots (2015)
Lithuania Lamiaceae Thymus L. species Phenolic acids, Aerial parts Raudone et al.
Flavonoids, (2017)
Triterpenic acids
T. austriacus Bernh. ex
Rchb.
T. x citriodorus
Schweig. et Korte
T. longicaulis C.Presl
T. x oblongifolius Opiz
T. praecox Opiz
subsp. arcticus
(Durand) Jalas
T. pulegioides L.
T. sibthorpii Benth.
T. serpyllum L.
Cold Russia Papaveraceae Corydalis bracteata Alkaloids Whole plants Khodorova
(Steph. ex Willd.) Pers. et al. (2013)
Finland Geraniaceae Geranium sylvaticum L. Tannins, Leaves, Roots,  Tuominen and
Flavonoids, Steams, Salminen
Phenolic acids Flower organs (2017)

4All the binomial names were checked and revised according to World Flora Online (http://www.worldfloraonline.org/), in a few
some cases original names used in the papers were kept (indicated in the text)

Climate classification was based on the climate map from the European Environment Agency (Fig. 1)

“Annual herbs, others are perennial herbs

dSamples collected in mostly Serbia (Temperate climate area) and Montenegro (Mediterranean climate area)

different ecologically relevant and interlinked vari-
ables (Zidorn 2018). Though often studied in various
countries and climate zones, seasonal changes of
natural products in herbs in Europe, from the Mediter-
ranean to cold climates, have not been systematically
reviewed yet.

Mediterranean climate

As shown in Figs. 1 and 2, large parts of several
countries, e.g., Croatia, Greece, Italy, and Spain,

@ Springer

located around the Mediterranean Basin and in the
West of the Iberian Peninsula have a typical Mediter-
ranean climate. Literature data are reviewed in alpha-
betical order of taxon names; the respective family
names are indicated in brackets.

Llorens-Molina and Vacas (2015) studied seasonal
variations in the essential oil of aerial parts and roots
of Artemisia absinthium L. (Asteraceae) growing in
Teruel, Spain. Five individual plants were randomly
selected during the entire growing cycle from May
2012 to January 2013. The essential oil yield from
aerial parts reached a low, both in spring and winter
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Table 2 Shrub/subshrub species and the main types of natural compounds investigated during seasons in references”

Climate Countries Families Species Life forms Types of Organs References
classification natural References
products
Mediterranean®  Spain Plantaginaceae Digitalis obscura Subshrub ~ Cardenolide Leaves Roca-Pérez et al.
L. (2004)
Portugal  Hypericaceae  Hypericum Shrub Essential oil Aerial parts  Guedes et al.
androsaemum L. (2004)
Italy Lamiaceae Rosmarinus Shrub Essential oil Aerial parts ~ Melito et al.
officinalis L. (2019)
Italy Lamiaceae Rosmarinus Shrub Essential oil Aerial parts  Serralutzu et al.
officinalis L. (2020)
Spain Lamiaceae Rosmarinus Shrub Essential oil Aerial parts  Salido et al.
officinalis L. (2003)
Greece Lamiaceae Rosmarinus Shrub Essential oil,  Aerial parts  Papageorgiou
officinalis Subshrub Flavonoids, et al. (2008a)
L., Salvia Phenolic
fruticosa Mill. acids
Croatia Lamiaceae Salvia officinalis L.  Subshrub  Flavonoids, Leaves Generalic et al.
Phenolic (2012)
acids
Portugal  Lamiaceae Salvia officinalis L.  Subshrub  Essential oil Aerial parts  Santos-Gomes
and
Fernandes-
Ferreira (2001)
Spain Lamiaceae Salvia officinalis Subshrub  Essential oil Aerial parts  Usano-Alemany
subsp. et al. (2012)
lavandulifolia
(Vahl) Gams
Italy Lamiaceae Thymus vulgaris L. Subshrub  Terpenoids Aerial parts  Hudaib et al.
(2002)
Temperate Serbia Lamiaceae Rosmarinus Shrub Essential oil Aerial parts  Lakusi¢ et al.
officinalis L. (2013a)
UK Lamiaceae Rosmarinus Shrub Phenolic acids Petals, Luis and
officinalis L. Sepals, Johnson
Leaves, (2005)
Stems,
Roots
Serbia Lamiaceae Salvia officinalis L.  Subshrub  Essential oil Leaves Lakusic et al.
(2013b)
Austria Lamiaceae Salvia officinalis L. Subshrub  Essential oil Leaves Grausgruber-
Groger et al.
(2012)

35The same as Table 1

samples. The highest levels were detected during the
peak of the flowering season; levels decreased towards
the end of the flowering season, increased again, and
afterwards significantly decreased throughout winter.
In the investigated population, two distinct chemo-
types (A and B) occurred. Chemotype A was

characterized by the prevalence of (Z)-epoxyocimene;
chemotype B contained similar quantities of (Z)-
epoxyocimene and (Z)-chrysanthemyl acetate. In both
chemotypes, (Z)-epoxyocimene showed similar
trends, which increased during the vegetative devel-
opment (stronger for chemotype B) and displayed
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Fig.2 Assignment of European countries to the three main climate zones of Europe. *Mixture of climates of Mediterranean/temperate

or temperate/cold

lower concentration after the end of the flowering
period. However, (Z)-chrysanthemyl acetate exhibited
an opposite variation during the vegetative growth,
followed by an increase at the end of flowering.
Relative linalool contents reached a peak at the end of
flowering for chemotypes A and B. Essential oil
composition did not differ in roots regardless of
chemotype. Bornyl acetate in roots displayed a
significant seasonal difference; the amount increased
from spring and levels were stable until a final peak in
winter. Likewise, neryl isovalerate exhibited the
highest levels during the phase of vegetative growing.
Some minor oxygenated monoterpenes showed a
steady increase over the developmental stages.
Michelakis et al. (2016) studied seasonal variation
and distillation conditions of essential oils from
Artemisia arborescens (Vaill.) L. (Asteraceae) grow-
ing in Greece. Plants were sampled in the stages of
dormancy, early flowering, and full flowering in
December, April, and May respectively. In total, 47
natural products were identified, three of those were
main components. The prevalent component,
chamazulene ranged from 26.5% in December to
51.1% in May; camphor showed the same pattern,
which increased from 18.9% to 32.2%, while (-
thujone was present with an increase from December
(8.3%) to April (14.8%), and a decrease in May
(6.4%). At the most efficient pH value of 8.3, the
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chamazulene amount increased 1.3-fold compared to
distillation under neutral conditions, reaching 65.1%
of the total content of the essential oil.

Paolini et al. (2010) studied seasonal variation in
essential oils of Calendula arvensis L. (Asteraceae)
growing in Corsica, France. Eight specimens of the
aerial parts of plant were collected at the flowering
stage during winter and spring. Results showed that o-
cadinol concentration was in inverse proportion to the
concentration of d-cadinene (the corresponding hydro-
carbon). The oils obtained from the February samples
showed lower levels of o-cadinol (a-cadinol / &-
cadinene ratio close to 1:1) than those obtained from
May samples (ratio of up to 3:1). Furthermore,
statistical analysis clustered the samples from 25
localities of Corsica into two distinct groups, which
can distinguish samples from northeast Corsica or the
West and the South of Corsica.

Pacifico et al. (2015) investigated seasonal varia-
tion in phenolic composition, antioxidant and anti-
inflammatory activities of Clinopodium nepeta (L.)
Kuntze (Lamiaceae) growing in Durazzano, Campa-
nia, Italy. Specimens of the taxon were collected at
different vegetative stages in July and October of 2012
and January and April of 2013. Acacetin derivatives
were the dominant compounds and showed the highest
levels in April. Quercetin glycosides were mainly
accumulated during summer and autumn. In
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particular, the content of quercetin 3-0-(6“-3-hy-
droxy-3-methyl-glutaroyl) hexoside in the October
sample was 4.12, 68.1 and 11.6-fold higher than in
samples from July, January, and April, respectively.
Caffeic acid tetrameric and pentameric derivatives, as
well as acacetin and its glycosides, showed parallel
seasonal trends. Levels of these natural products in the
investigated samples were in the following order
April > January > July > October. Samples col-
lected in summer had the strongest antioxidant capa-
bility in cell-free systems. In contrast, cyto-protective
and anti-inflammatory activities were most pro-
nounced in samples collected in winter.

Scognamiglio et al. (2015) studied the primary and
secondary metabolites in seven aromatic Mediter-
ranean plant species from the Apiaceae, Asteraceae,
and Lamiaceae families growing in Italy. Plants were
sampled at different seasons and analyzed by NMR.
Compounds were identified based on a comparison of
NMR data with literature values and were confirmed
by 2D NMR analyses. Signal areas in 'H NMR spectra
corresponding to an internal standard were used to
calculate the relative amounts of the compounds. The
analysis of NMR spectra revealed that for all inves-
tigated Lamiaceae species, the content of aromatic
compounds in spring and summer samples was higher
than in samples collected in autumn and winter.
Foeniculum vulgare Mill. (Apiaceae) and Helichry-
sum italicum (Roth) G.Don (Asteraceae) extracts
showed analogous trends, too.

The oil composition of Helichrysum italicum
collected in Bosnia-Herzegovina was investigated
using GC/MS by Tali¢ et al. (2019). Specimens were
collected in February, May, June, August, and October
2016. The dominant constituents in May and August
were monoterpenes. The prominent compounds were
B-diketones, displaying the highest relative content
(31.9%) in winter, followed by a decrease during the
growing cycle until the lowest relative content
(11.0%) in mid-autumn. An increase in B-diketones
coincided with a decrease in sesquiterpenes.

Filippini et al. (2010) evaluated variations of
natural products from three different subspecies of
Hypericum perforatum L. (Hypericaceae) growing in
Italy during three developmental stages. Samples were
collected at floral budding, full flowering, and early
fruiting stages. The naphtodiantrone hypericin
reached the maximum in subspecies angustifolium
(DC.) Gaudin and perforatum during full flowering,

while in subspecies veronense (Schrank) Frohlich the
highest level was observed before the flowering stage.
The most abundant lipophilic compound in H. perfo-
ratum, hyperforin, showed diverging patterns between
subspecies. In H. perforatum subsp. perforatum, the
highest level was reached at the flowering stage; in
contrast, in both subspecies angustifolium and sub-
species veronense, the highest level was detected after
the flowering stage. All three subspecies produced
hyperoside, and the content of this natural product
significantly decreased during ontogenesis. Although
the qualitative profiles of individual flavonoids of the
three subspecies were different, the total flavonoid
contents showed no significant differences with max-
ima before and during the flowering stage.

Schwob et al. (2004) studied changes in essential
oil composition of Hypericum perforatum (Hyperi-
caceae) growing in South-Eastern France. Aerial parts
of 30 wild individuals were collected for each
development stage using a randomized collection
scheme. The essential oil yield ranged from 0.06 to
0.09%; the yield reached the minimum during fruiting
and increased from 0.07 to 0.09% during flowering.
Regarding the different groups of compounds, the
proportion of monoterpenoids was low (0.7—0.8%
corresponding to 0.05—0.06 pg/g) before anthesis.
During flowering, it was at 4.2% (0.39 pg/g) and
reached 9.5% (0.56 pg/g) at the fruiting stage.
Sesquiterpenoids contributed 53%, 75%, 68%, and
58% (corresponding to 3.73, 6.24, 6.23, 2.38 ng/g) to
the composition of the oils of H. perforatum at the
vegetative, floral budding, flowering, and fruiting
stages, respectively. Aliphatic alcohols contributed
13.7% at the vegetative stage and then decreased to
6.3% at the fruiting stage.

JerkoviC et al. (2001b) studied the impact of both
seasonal variations and drying on the volatile con-
stituents of Origanum vulgare L. subsp. hirtum (Link)
Ietsw. (Lamiaceae) from the South of Croatia. Five
seasonal samples were collected between April to
August. The authors found the highest content of p-
cymene in August. A higher percentage of thymol was
associated with a lower carvacrol content (and vice
versa) in all samples; this was interpreted by the
authors as a potential connection between the biosyn-
thetic pathways of these dominant compounds. Drying
at room temperature did not affect the qualitative
composition of oregano oil, but led to a minor decrease
in essential oil yield compared with fresh oregano and
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this trend was also observed for the glycosidically
bound volatiles of oregano (Jerkovic et al. 2001a).

Pacifico et al. (2016) studied chemical composition
in hydroalcoholic extracts of leaves of Ruta grave-
olens L. (Rutaceae) growing in the wild in Southern
Italy. Plants were harvested on the tenth day of July
and October 2012 and of January and April 2013. Each
of these days was in the first month of a new
(meteorological) season. Results were complex, but
in general, total phenolics contents showed a maxi-
mum in spring. Spring samples also displayed the best
antioxidant activity in cell-free test assays.

Seasonal variations of the chemical composition of
essential oils of Satureja cuneifolia Ten. and S.
montana L. (Lamiaceae) growing in three locations
in Croatia were analyzed by Milos et al. (2001). Aerial
parts of plants were sampled at the following stages,
before flowering (July), during flowering (September),
and after flowering (November). In essential oils of S.
montana, the oxygen-containing phenolic monoterpe-
nes carvacrol (16.1—52.4%) and thymol (1.9—
20.6%) were found to be the major constituents.
Carvacrol showed different seasonal patterns between
the different sampling sites. Thymol showed the
highest amount in July (prior to flowering). Concen-
trations of p-cymene and borneol increased steadily
during the developmental stages. In S. cuneifolia, all
samples contained a low percentage of thymol and
carvacrol, but samples were relatively rich in -
terpinene, p-cymene, «-pinene, and limonene. There
was no discernible seasonality of the major essential
oil constituents of S. cuneifolia. Additionally, no clear
correlations between oil yield or composition and
locality or environmental conditions were found in
either S. montana or S. cuneifolia.

Galindez et al. (2000) quantified harpagoside
contents in different organs of Scrophularia scorodo-
nia L. (Scrophulariaceae) harvested in Jaén, Spain.
Leaves, stems, and flowers of plants were collected
monthly in the year 1995. The contents of harpagoside
in the extracts from leaves were highest (1.90%) in
July followed by a decrease from September to
December. However, the amount of harpagoside
increased steadily from January to July (1.15—
1.90%). Additionally, harpagoside was found in each
monthly sample of stems; the highest amount of total
harpagoside occurred in July (0.65%). In flower
samples, the quantity of harpagoside was usually
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low, but in April, a substantially higher level of this
compound was observed (0.63%).

Stefanaki et al. (2018) compared the composition of
the essential oil of Thymbra spicata L. (Lamiaceae)
between two seasons (spring and summer). The aerial
parts of the taxon were harvested from 20 locations on
Chios Island in Greece, ten in May and ten in July. The
yield was observed to be significantly higher in May at
the beginning of flowering compared to the full
flowering period in July. Only the content of
caryophyllene oxide showed the same pattern as the
oil yield. In contrast, the other main compounds i.e.,
carvacrol, p-cymene, and 7-terpinene showed no
significant differences between the investigated
months. Moreover, the authors found that the compo-
sition of p-cymene, y-terpinene, and some other minor
compounds were correlated with the geographical
variation of Th. spicata.

Galasso et al. (2014) quantified changes in the
chemical composition of extracts of Thymus longi-
caulis C. Presl (Lamiaceae) growing in Italy, and their
antioxidant and anti-inflammatory properties. Three
replicate samples of leaves were collected in July and
October 2012 and in January and April of 2013. Each
sample was phytochemically analyzed by LC-DAD-
ESI-MS/MS. The content of rosmarinic acid and its
derivatives was negatively correlated with the content
of the luteolin pentosyl derivatives. Rosmarinic acid
was remarkably abundant in the October sample and
reached the lowest value in July. The highest antiox-
idant and anti-inflammatory activity were present in
the October extract, which possessed high amounts of
rosmarinic acid and methylapigenin.

Temperate climate

Temperate climates are the main climate type in
Europe (Fig. 1-2). Middle, Eastern as well as Western
Europe are generally characterized by a temperate
climate, for instance, Austria, Czech Republic, France,
Germany, the Netherlands, and the UK.

Duckstein et al. (2012) compared phenolic compo-
nents from Alchemilla vulgaris L. and Alchemilla
mollis (Buser) Rothm. (Rosaceae) growing in Ger-
many. Leaves and stalks of Alchemilla were harvested
in May (start of the flowering period) and August 2010
(end of the flowering period). In both species,
agrimoniin (a dimeric hydrolysable tannin), one of
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the main components, was present by more than 100%
higher in May than in August. The same trend was also
observed for other ellagitannins and also the major
flavonoid, a quercetin glucuronide, increased nearly
by 30%.

Drghse Hggedal and Mpglgaard (2000) studied
seasonal and diurnal variations in the contents of
iridoids in cultivars of Antirrhinum majus L. (Plan-
taginaceae) grown in Denmark. Plants were harvested
weekly between June 17 and September 30, and twice
a week during the flowering period. Total iridoid
contents revealed an accumulation, with high contents
(around 100 mg/g dry matter), early and late in the
season. All iridoids showed very low contents in
August when plants were at the onset of flowering. The
relative percentage of antirrhinoside was substantially
higher before flowering than after bud break. The
relative decrease in antirrhinoside was occurring in
parallel with an increase of antirrhide, which occurred
in significantly higher concentrations after the onset of
flowering. The diurnal variation ranged from 20 to
60 mg/g. In contrast, no correlations related to
light/darkness conditions, temperature patterns or
water content were observed.

Wallaart et al. (2000) studied the levels of
artemisinin, its biosynthetic precursors, and biosyn-
thetically related sesquiterpenes during phenological
stages in Artemisia annua L. (Asteraceae) of different
origins. Seeds of A. annua originating from China,
Germany, the USA, Vietnam, and Yugoslavia were
obtained and then cultivated in an experimental field
in the Netherlands. Leaves of each plant were sampled
weekly at the middle of the day from July to
November. A chemotype exhibiting high contents of
artemisinin and dihydroartemisinic acid and low
contents of artemisinic acid was represented by the
Vietnamese A. annua accession. Other chemotypes
presenting relatively low contents of artemisinin and
dihydroartemisinic acid, but high artemisinic acid
were represented by the Chinese, European, and
American A. annua accessions. Specimens from
Vietnam seemed to be the most suitable chemotype
for the commercial production of artemisinin. In
November, the artemisinin content of the Vietnamese
A. annua had considerably increased by almost 58%,
after a period of moderate decline. In parallel, the
content of dihydroartemisinic acid had decreased by
39% and thus to a content lower than that of
artemisinin. The authors found these radical changes

in the natural products levels were coinciding with the
onset of night frost.

Agerbirk et al. (2001) studied two different types of
Barbarea vulgaris R.Br. (Brassicaceae) for seasonal
changes in the contents of glucosinolates and the
resistance of the plants of both types to the crucifer
specialist flea beetle Phyllotreta nemorum Linnaeus.
Leaves of B. vulgaris subsp. arcuata (Opiz) Hayek
were harvested at seven natural growing locations in
Denmark from August to November, once per month.
The contents of all dominant glucosinolates in the
plants showed an increase from August to November
at five localities. In the remaining two localities,
glucosinolates accumulated from September to
November. Additionally, no correlation between glu-
cosinolate contents and insect resistance was detected.
Glucosinolate levels also did not correlate with the
variation in resistance between the P-type (always
susceptible) and the G-type (resistant in the summer
season).

The variability of essential oil compositions of
Clinopodium pulegium (Rochel) Briuchler from its
natural habitat and from cultivated plants was inves-
tigated by Slavkovska et al. (2013). Plants were
harvested from the Svrljiski Timok gorge, Serbia
(wild) and Nis, Serbia (cultivated) during different
vegetative phases. The plants growing in the natural
habitat yielded the lowest content of oil with 1.0% (v/
w) in the vegetative stage, the content increased during
the flowering period, 1.4%, while it decreased to 1.2%
during the fruiting stage. The oil yield of the cultivated
plants was 1.2% in the vegetative stage. It increased to
a peak of 1.3% in the flowering stage, and was lowest
[0.8% (v/w)] during the full fruiting stage. The
dominance of the abundant components changed
depending on the vegetative phases. Pulegone was
prominent in the vegetative (76.1% wild population,
62.7% cultivated population) and the flowering
(49.5%, 64.6%) stages, while menthone (48.5%,
65.3%) contents were higher than pulegone (34.7%,
18.4%) contents at the fruiting stage.

The roots of Echinacea purpurea (L.) Moench and
Echinacea pallida (Nutt.) Nutt. (Asteraceae) grown in
Denmark were analyzed by Thomsen et al. (2012) for
their contents in lipophilic compounds and phenolic
acids, depending on the season. Roots were sampled in
early winter (December 15, 2009), early spring (March
23), late spring (May 25), summer (August 13), and
mid-autumn (October 29) of 2010. A total of 16
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alkamides, two ketoalkenes, two ketoalkynes, and four
phenolic acids (caftaric acid, chlorogenic acid,
cichoric acid and echinacoside) were detected in
alcoholic extracts by LC-MS and quantified by RP-
HPLC-DAD. Since the lipophilic compounds, alka-
mides in E. purpurea roots were dominant, while E.
pallida was characterized by a dominance of ketoalky-
nes and ketoalkenes, the analysis of lipophilic com-
pounds could be employed to distinguish the two
species. The lowest levels of the main lipophilic
compounds in roots of E. purpurea occurred in mid-
autumn and early winter. The total contents of
lipophilic compounds in E. pallida displayed a similar
trend. Moreover, the contents of the main phenolic
acids in E. purpurea peaked in spring. In E. pallida
roots, echinacoside showed a significantly higher level
in spring. Caftaric acid displayed a higher level in late
spring, while cichoric acid reached a higher level from
late spring to mid-autumn.

Menkovi¢ et al. (2000) quantified xanthones and
secoiridoids in aerial parts of Gentiana lutea L.
(Gentianaceae) growing in Serbia. Wild plants were
harvested every month from March until October at
various stages of their development. The highest
amounts of mangiferin and isoorientin occurred
between June and July, and thus during the period of
flowering. Lower amounts of mangiferin were
detected in May and August, while there were only
marginal changes in the isoorientin levels. In contrast,
the highest amounts of isogentisin 3-O-primeveroside
and isogentisin were observed in April and May
respectively. In contrast, their amounts decreased
significantly during the period of flowering. In Octo-
ber, the content of isogentisin 3-O-primeveroside
again increased. It was concluded that during the
period of flowering, leaves were rich in C-glycosides,
while O-glycosides were mainly accumulated before
flowering. In the case of secoiridoids, the content
increased steadily during the vegetation period and
reached maxima in October.

Seasonal variations in the contents of phenolics and
antioxidant activities of Glechoma hederacea L.
(Lamiaceae) were analyzed by Varga et al. (2016).
The aerial parts were collected from six Hungarian
locations in April, July, and October 2012. Specimens
harvested in July in a population originating from an
open-site park in Budapest showed the highest total
phenol content (115 mg gallic acid equivalent/g dry
material) and the strongest antioxidant activity
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(53.3 mg ascorbic acid equivalent/g dry material).
Chlorogenic acid (357 mg/100 g) and rutin (950 mg/
100 g) also reached the highest contents in July of
samples from the Sorokséar botanical garden popula-
tion. In general, contents of the July collections were
significantly higher than the ones from April and
October. According to the results above, mid-summer
was recommended as the best harvest time for ground
ivy shoots.

Cheel et al. (2013) investigated the interactions of
chemical profiles with biological activities of licorice,
Glycyrrhiza glabra L. (Fabaceae) grown in the Czech
Republic. Three thickened roots of four-year-old
cultivated plants were sampled in every season of
2008. Total contents of phenols, flavonoids, and
tannins showed peak amounts in November, August,
and May, respectively. Liquiritin and glycyrrhizin, the
main constituents, varied in the ranges between 28.7—
62.8 and 41.8—114 mg/g dry weight, respectively.
The relative proportions of glycyrrhizin glycoside,
glabridin, glabrene, and liquiritigenin glycoside, var-
ied in the ranges between 0.88—11.4%, 1.86—10.0%,
1.80—18.4%, and 5.53—16.3%, respectively. These
fluctuations were related to the antioxidant and free
radical scavenging activities of licorice. It was found
that the sample from May showed the strongest free
radical scavenging effect and the highest gastropro-
tective effect, whereas the sample from November
showed the best antioxidant effects. Liquiritin and
glycyrrhizin, the main components with the highest
proportion in February and May, were related to the
superoxide radical scavenging and gastroprotective
effects. Glabridin and glabrene, the main components
in November, contributed to the antioxidant and
DPPH scavenging activities of licorice.

Martonfi et al. (2006) studied changes of natural
products during three developmental stages of repro-
ductive structures in Hypericum maculatum Crantz
(Hypericaceae) growing in Slovakia. Generative parts
of the taxon were harvested from three populations
with different growing conditions. Remarkable differ-
ences in the concentration of natural products, in the
various flower parts were noticed. During the whole
period of flowering, the concentration of all the
studied metabolites kept constantly in green flower
parts (sepals). The most apparent variations were
present in the flowering phase with the decrease of
hyperoside and isoquercitrin concentration in petals,
the decrease of the I3, II8-biapigenin concentration in
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stamens, and the increase of hypericin and pseudohy-
pericin concentration in both petals and stamens. The
flavonoids hyperoside and isoquercitrin, whose con-
centration decreased during flowering, presented the
highest contents in the pistil.

Tekel’ova et al. (2000) studied seasonal changes in
natural product content during the flower ontogenesis
of Hypericum perforatum subsp. veronense (Schrank)
H.Lindb. (Hypericaceae) grown in Slovakia. Samples
were collected eight times in different plant develop-
ment stages. The amount of dianthrones, derivatives of
quercetin, and hyperforin increased from the first
budding phase (0.29%, 0.80%, and 2.47%, respec-
tively) to the phase of freshly opened flowers (1.04%,
4.23% and 6.60%, respectively). The amounts of
dianthrones and quercetin glycosides then showed a
decrease (in unripe fruits to 0.11% and 0.08%,
respectively), whereas the content of hyperforin
increased to 8.07% in fruits. The amount of I3, II8-
biapigenin displayed an increasing trend from 0.21 in
small buds to 1.04% in buds just before opening and
subsequently decreased steadily to the lowest of
0.02% in fruits.

Péncikova et al. (2011) determined the seasonal and
plant age related variation of isoquinoline alkaloids
contents of Macleaya microcarpa (Maxim.) Fedde
(Papaveraceae) grown in the Czech Republic. The
aerial parts and underground parts and of thirteen-
year-old plants were collected during the vegetative
period from April to October. The major alkaloids in
spring samples were sanguinarine and chelerythrine,
their concentrations were two times higher compared
to autumn samples. During the following vegetation
period, the content of both benzophenanthridines
slowly decreased. In contrast, the concentrations of
protopine and allocryptopine showed a rather low
level in spring and reached a maximum in July. Then
protopine and allocryptopine in leaves dropped sig-
nificantly to a very low level, but in October, at the
beginning of vegetative quiescence, their contents
increased again slightly. For most alkaloids in roots,
the contents changed considerably during the vegeta-
tive cycle and reached the highest levels during June
and July. Protopine showed the highest content in
May, while macarpine culminated during July and
August. The highest contents of alkaloids described
above were two- to threefold higher than the contents
of autumn samples. The contents of chelirubine and
chelilutine reached the highest levels during June and

July. In addition, one-, two-, twelve- and thirteen-
year-old plants were collected in October, at the end of
the vegetative period to assess how plant age affects
the content of alkaloids. Allocryptopine was the major
component in both aerial and underground parts, but
no obvious relation to the age of the plants was
observed. Moreover, the authors found that minor
chelilutine, chelirubine, macarpine, and sanguirubine
were preferably accumulating in older roots.

Stochmal and Oleszek (2007) quantified variations
in the contents of flavones identified in alfalfa
Medicago sativa L. (Fabaceae), grown in Poland for
three years (1999—2001). Aerial parts of ten plants
were cut three times per year. Tricin and apigenin
glycosides were the main flavonoids of alfalfa. Total
content of flavonoids decreased gradually during
seasons; the first spring cut displayed the highest
concentration and this declined for the other two cuts.
Simultaneously, the ratio of flavones acylated with
hydroxycinnamic acids to non-acylated rose from 1.5
in the first to 1.8 for the other two cuts. This finding
may indicate the relevance of acylated forms for the
protection of plants against UV-B radiation during the
summertime.

Skrzypczak-Pietraszek and Pietraszek (2012) stud-
ied seasonal variation of phenolic acid content in
Melittis melissophyllum L. (Lamiaceae) growing in
Poland. M. melissophyllum was sampled in two
different habitats in May and September. Phenolic
acid profiles of methanolic extracts were analyzed by
HPLC-DAD. p-Hydroxybenzoic acid and p-coumaric
acid were the main components, both of them showed
higher levels of September samples than May samples
in the same localities.

Skrzypczak-Pietraszek and Pietraszek (2014) also
studied seasonal variations of flavonoid concentration
in Melittis melissophyllum L. (Lamiaceae) growing in
Poland. Plants were collected and separated into
leaves and flowers in May and September. The highest
total content of flavonoids was revealed in flowers
(258—271 mg/100 g dry weight) and leaves (143—
155 mg/100 g) collected in May, the lower ones were
recorded in leaves obtained from September (83—
92 mg/100 g). Geographical location had no obvious
effect.

Grulova et al. (2015) recorded seasonal changes of
the major constituents in essential oils of Men-
tha x piperita L. (Lamiaceae) cultivated in Slovakia.
Plant material was collected monthly from April to
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September throughout three years. 97.1—98.7% of the
total essential oil was based on menthol, menthone,
limonene, menthyl acetate, menthofurane, and [-
caryophyllene. The quantities of limonene in the same
month of different years showed a decreasing ten-
dency, the quantity decreased from 10.8 (April 2010)
to 8.0% (April 2012) and from 3.2% (September 2010)
to 2.3% (September 2012). In 2010, the menthone
amount increased from April (15.3 + 1.8%) to August
(204 £ 0.4%) and decreased to 14.1 £ 1.1% in
September. The tendency was different from 2011
and 2012. Menthone displayed the maximum accu-
mulation at the beginning of the developmental stages
(April 2011 and May 2012), while the lowest content
was present in September of 2011 and 2012. The
percentage of the major component, menthol,
increased in 2010 and 2012 from April until July and
decreased in September. This compound also showed
an increasing tendency from April to August in 2011.
The lowest levels of menthyl acetate were recorded in
July 2011 and in August 2010 and 2012. The content
of B-caryophyllene increased in May and June of the
first two years followed by a sustained decline until the
end of the year. During the three-year experiment, the
seasons 2011 and 2012, had a higher mean tempera-
ture than in 2010; moreover, intense rainfalls in July
2011 and 2012 were recorded. The presented data
imply that M. x piperita experienced different rain
and temperature regimes, resulting in significant
quantitative changes in essential oil composition.
Lubbe et al. (2013) studied the seasonal pattern of
alkaloids in the bulbs, leaves, and roots of Narcissus
pseudonarcissus L. cv. “Carlton” (Amaryllidaceae)
grown in the Netherlands. Twenty-four plants were
collected as followed points: (1) when shoots had
emerged and were about 10 cm above ground, (2)
before flowering, (3) during full flowering, (4) after
flowering, and (5) after shoot senescence. Alkaloid
contents of plants were monitored by quantitative "H
NMR during the growing season. The average galan-
thamine and haemanthamine concentrations in bulbs
reached a maximum before flowering. The concentra-
tion showed a decreasing tendency during and after
flowering, but increased slightly again at the end of
growing cycle. Narciclasine was present in the bulbs
with highest amount in the second and third time
points, and thereafter gradually decreased. In the
leaves, the concentration of haemanthamine fluctuated
with highest level before flowering. Extracts of leaves
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contained similar levels of galanthamine and narci-
clasine, which showed consistent concentrations until
the third time point, followed by a decrease after-
wards. In the root, galanthamine and haemanthamine
showed different variety patterns, galanthamine accu-
mulated higher concentrations until before flowering,
whereas haemanthamine showed significantly higher
concentrations after senescence.

Krzyzanowska-Kowalczyk et al. (2018) compared
the metabolite profiles of Pulmonaria officinalis L.
(Boraginaceae) collected in Poland in spring and
autumn. Spring samples were characterized by the
dominance of rutin, nicotiflorin, and 3-O-caffeoyl-
threonic acid. Salvianolic acid H, actinidioionoside,
three isomers of coumaroylquinic acid, and pulmonar-
ioside B were the major components in autumn
samples. Quantitation data obtained by HPLC-MS
were analyzed by univariate volcano plot analysis,
combining t-tests and fold change examination and
unsupervised principal component analysis (PCA) to
determine several features linked with spring and
autumn samples of Pulmonaria officinalis. A clear
separation of samples was achieved with both
approaches.

Lakusic et al. (2011) studied the chemical compo-
sition of Satureja horvatii Sili¢ (Lamiaceae), culti-
vated in Serbia (the taxon is naturally occurring in
Montenegro) at different phenological stages. Essen-
tial oil yields varied from 0.5—1.3%. The lowest oil
yield (0.5%) occurred before flowering in April, and
the highest (1.3%) was recorded during late flowering
and at the beginning of fruiting in September. The
essential oil from samples obtained before flowering
was dominated by linalool (37.4%), thymol (27.3%),
and carvacrol (12.2%). In the flowering period (June),
the proportion of linalool increased up to 56.6—
57.5%, while that of thymol decrease to 15.5 -15.8%,
carvacrol significantly dropped to 1.4—1.5%. The
essential oil sampled from fruiting stage (September
and October) was dominated by linalool (58.4 and
65.8%), followed by lower levels of thymol (7.6 and
1.3%), and carvacrol (0.7 and 0.1%). The authors also
focused on differences between plant growing condi-
tions. In Mediterranean natural habitats, the main oil
components were the phenols thymol (63.7% for the
Mt. Orjen in Montenegro) or carvacrol (68.1% for the
Mt. Lovéen in Montenegro), while the oils from plants
cultivated in temperate Belgrade were represented by
linalool (up to 65.8% and 55.9% on average).
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Sebrlovd et al. (2015) studied Stylophorum lasio-
carpum (Oliv.) Fedde (Papaveraceae) grown in the
Czech Republic and its seasonal variation in alkaloid
composition. Three individual plants of one- and two-
year-old cultures were randomly harvested during the
vegetation period from May to October. The extracts
of the aerial part were characterized by a dominance of
protoberberine alkaloids: coptisine, and stylopine,
which were irrespective of the plants’ age and time
of harvest. Higher levels of all alkaloids were present
in roots than in the aerial parts. The levels of most
alkaloids peaked in the middle of the vegetation
period.

Raudone et al. (2017) studied phenological changes
in triterpenic and phenolic composition of Thymus L.
species (Lamiaceae) grown in Lithuania. The aerial
parts of plants were harvested at different ontogenetic
stages from May to September of 2016. The phenolic
compounds accumulated the highest amounts during
budding and full flowering. Amounts decreased during
fruiting and displayed the lowest levels at the end of
the vegetation period. Rosmarinic acid was the
dominant component in all Thymus species tested,
ranging from 6.3 mg/g to 28.8 mg/g. During full
flowering, T. longicaulis C.Presl (28.8 mg/g) and
T. x oblongifolius Opiz (28.3 mg/g) had the highest
concentrations of rosmarinic acid, followed by
T. x citriodorus Schweig. et Korte and 7. pulegioides
L. In contrast, T. sibthorpii Benth. and T. serpyllum L.
possessed the lowest amounts, 9.32 mg/g and
11.7 mg/g, respectively. After full flowering, the level
of rosmarinic acid declined slowly during the fruiting
stage. At the end of vegetation, the concentration of
rosmarinic acid decreased significantly, and the final
concentrations were in the following order in the
investigated Thymus species (7. longicaulis > T.
pulegioides > T x oblongifolius > T x citri-
odorus > T. austriacus > T. praecox subsp. arcti-
cus > T. sibthorpii > T. serpyllum). The
concentration of ursolic acid was higher than that of
betulinic, corosolic, and oleanolic acid. The accumu-
lation pattern of these triterpenic acids varied signif-
icantly and depended on the particular Thymus species
investigated.

Cold climate

Khodorova et al. (2013) studied the biosynthesis,
compartmentation, and seasonal dynamics of ben-
zylisoquinoline alkaloids from Corydalis bracteata
(Steph. ex Willd.) Pers. (Papaveraceae). Different
organs of plants were collected in St. Petersburg,
Russia during the whole year. The investigated plant is
a geophyte, which has a very short spring vegetation
period, and for the rest of the year survives as an
underground tuber with buds. During the whole year,
the tuber is gradually replaced as follows: at the end of
August, a new tuber inside the tissues of the old one
was formed. In September, the tubers include the
present year’s tuber and the new developing one,
which continues to grow to the next spring. In
February, the cells of the old tuber start to degenerate
and till the middle of May, the old tuber falls off, the
new tuber continues to grow.

The highest levels of alkaloids was reached in
whole plants (aerial parts plus underground tubers/-
roots) in April when leaves and flower buds developed
most intensively. At this stage, 58% of all alkaloids
were restricted to the tuber, 37% came from the aerial
part (buds, leaves, stem), and the other 5% were from
the root. The total alkaloid amount in C. bracteata
plants declined afterwards. Total alkaloid amount in
tubers varied between about 0.70 and 5.18 mg,
contributing 23—100% of the total content of alka-
loids in plants, according to the plant phases. Also, the
old tuber contributed 68—79% of the total amount.
Thus, a significant decrease in alkaloids in tubers
coincided with the loss of the old tuber. During the
aboveground vegetation period, 45-58% of the sum of
alkaloids was present in the aerial parts, with the
highest percentage in stems and flowers. In August,
during autumn and winter, the contents of alkaloids
were rather low in the bud.

When whole plants were fed with the isotopically
labeled tracer, [ring-l3C6]-tyramine, via the roots, the
alkaloids became labeled in the roots only. However,
when detached roots, leaves, tubers, and stems were
exposed to [ring-'>Cgl-tyramine, the label was
detected in all organs. This indicated the absence of
long-distance translocation of alkaloids between
organs of C. bracteata, while the cell-to-cell transport
of alkaloids is viable in the tuber via the apoplast.
Differing from other benzylisoquinoline alkaloids
producing species, each organ of C. bracteata
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possessed the capability of de novo biosynthesis of the
full set of alkaloids.

Tuominen and Salminen (2017) qualified hydrolyz-
able tannins, flavonol glycosides, and phenolic acids
of Geranium sylvaticum L. (Geraniaceae) growing
near Turku, Finland. Seasonal, ontogenic, intra-plant
and living condition-related variations of the phenolic
compounds of G. sylvaticum organs were investigated.
To study the variation of phenolics within individual
plants, larger basal rosette leaves and smaller stem
leaves were sampled. The results showed that geraniin
was present at the same level (153 mg/g) in the stem
leaves and basal leaves, when all populations and
months were analyzed together. The leaf specimens
were obtained from four populations with different
growing conditions to determine the variation in
polyphenol contents. Generally, it seemed that stress-
ful conditions, such as high light and dryness, induced
a higher level of polyphenols in a sunny roadside
population and a sunny meadow than in other shad-
owed forest populations, although the locations were
close to each other. To study seasonal variation in
whole plants and leaves, samples from three different
growing stages (small, medium, large) were collected,
in total 16 individual samplings, five in five-day
intervals in May and June, three in July, two in August,
and one in September from four different populations
each. The contents of geraniin in leaves culminated in
July after the flowering period had ended and the seeds
were in the maturing phase. Young small-sized leaves
accumulated remarkably higher geraniin levels than
medium and large leaves in summer sampled in all
populations. Moreover, the seasonal patterns of
carpinusin,  galloyl-hexahydroxydiphenoyl-glucose
B, digalloyl-hexahydroxydiphenoyl-glucose, and
geraniinic acid were similar to that observed with
geraniin. However, the amounts of ascorgeraniin and
chebulagic acid increased more than threefold toward
the end of the growing season in autumn. The content
of these compounds was higher, particularly in old
large-sized leaves. The level of quercetin derivatives
in leaves showed maximum accumulation in spring
and declined to half towards fall. The content of
kaempferol derivatives kept constant throughout the
season. The authors also provided some conclusions of
various trends in G. sylvaticum organs. The optimal
time to harvest petals was during the budding phase,
with rare sylvatiins and other hydrolyzable tannins.
Moreover, because of the low content of interfering
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compounds, the sepals were found to be a good source
of carpinusin. In terms of the isolation of gallotannins,
pistils during the fruiting phase, before seeds are
mature could be considered. Proanthocyanidins and
galloyl quinic acids might be extracted from roots as
their content kept stable throughout the summer.

Shrubs and subshrubs

Some aromatic shrubs/subshrubs mainly in the Lami-
aceae family, which includes many medicinal and
culinary herbs, were reviewed in this section. Aromatic
plants, especially rosemary and sage are well studied.
The interest in these species is related to the multiple
uses of the plants as spices, food ingredients as well as
in the pharmaceutical and cosmetics industries.

Mediterranean climates

Leaves of the sub-shrub Digitalis obscura L. (Plan-
taginaceae) growing in Spain were analyzed by Roca-
Pérez et al. (2004) for seasonal cardenolide accumu-
lation and Dop5fr gene expression. Leaves for
cardenolide analyses were collected in May, July,
October 2000, and February 2001. The lowest con-
centration of cardenolide was present in May,
increased rapidly during summer, then decreased in
autumn, and remained constant in winter. The
researchers also analyzed the seasonal expression of
the gene encoding enzyme progesterone 5p-reductase,
which produced the required 5p-configured precursors
for cardenolide biosynthesis. The expression pattern
showed a similar tendency as above, accumulation
from February to July and a further decrease in
autumn, although adverse climatic conditions seem to
induce overexpression.

Guedes et al. (2004) investigated the seasonal
dynamic of the essential oil content and composition
in leaves of Hypericum androsaemum L. (Hyperi-
caceae) cultivated in Portugal. Shrub samples were
harvested every two months of a year. The essential oil
yield varied between 0.7 mg/g (September) and
3.4 mg/g dry weight (February). In September, the
essential oil had the lowest concentration of sesquiter-
pene hydrocarbons, 43%, and the highest level of
1-octene and 2-hexenal, 38%. In February, the essen-
tial oil contained the highest level of sesquiterpene
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hydrocarbons, 73%, and the most pronounced variety
of intermediate to long-chain n-alkanes and 1-alkenes.
The chemical composition of essential oil of
Rosmarinus officinalis L. (Lamiaceae) growing in
Sardinia in Italy was investigated by GC-MS (Melito
et al. 2019). Aerial parts of five R. officinalis
accessions were harvested monthly through a full
year. The essential oil yield of all populations was in a
range of 0.29% to 0.89%. The lowest essential oil
percentage was observed in Monte Doglia sample
(altitude: 400 m), while the highest essential oil
content was observed in Porticciolo (altitude: 0 m).
Concerning seasonality, overall, the analyzed plants
displayed the highest essential oil yield in summer in
all populations. However, the minimum oil yield was
found in samples of Monte Doglia (altitude: 200 m),
Capo Caccia (altitude: 0 m), and Porticciolo (altitude:
0 m) in winter, whereas higher altitude (400 m) Monte
Doglia samples showed lowest contents in spring. The
relative composition of main oil components showed
significant seasonal variations. B-Pinene and bornyl
acetate displayed the highest levels during spring
(6.8% and 4.8%), while the lowest levels were
observed in autumn (3.1% and 0.8%); the maximum
concentrations of y-terpinene (0.8%) and terpinolene
(0.7%) occurred during summer, while in winter and
autumn, these compounds were missing (0.0%).
Serralutzu et al. (2020) studied the essential oil
yield and oil composition of R. officinalis during the
flowering phase growing in Italy. Specimens were
collected in the whole year of 2018. After transplant-
ing, two plant types were evident differing in phenol-
ogy: type 2 featured a later and shorter flowering time
in comparison to type 1. The essential oil yields of type
1 plants decreased from 0.77% in winter with flow-
ering plants, to 0.13% in November when flowering is
ended. The type 2 plants showed a range from 0.16%
in September to 0.06% in November. o-Pinene was
always the predominant compound in every season,
ranging from 48.0 to 75.4% in type 1 plants and from
18.2 to 52.9% in type 2 plants. The other major
constituents of essential oil were borneol, camphene,
caryophyllene, eucalyptol, and verbenone. In type 1
plants, eucalyptol increased from winter to spring and
then decreased. Borneol, camphene, caryophyllene,
and verbenone showed increasing trends in February
and April. o-Pinene displayed an increasing trend
from spring to autumn and irregularly varied in winter.
The type 2 plants displayed a decrease in o-pinene and

camphene and an increase in borneol, caryophyllene,
and eucalyptol in November at the end of flowering.

Salido et al. (2003) investigated the composition of
essential oil samples, obtained by steam distillation of
twigs of rosemary (R. officinalis) collected in four
different Southern Spanish localities. Samples were
harvest during three phenological stages: full flower-
ing (April), fruiting (June and July), and hibernation
(December) period. Oil yields ranged from 1.0 to
1.8%, with the highest percentages during the fruiting
period. Concerning the oil composition, the monoter-
pene hydrocarbons content in the Las Chozuelas
(altitude: 1150 m) and El Vadillo-Castril (altitude:
1050 m) populations declined from full flowering to
fruiting and showed the highest proportion afterwards
in winter. This maximum of monoterpenes in winter
was also observed in the Garganta de Hornos (altitude:
1000 m) and Peria del Olivar (altitude: 800 m)
populations; but it remained at a high level during
fruiting. Oxygenated monoterpenes levels showed a
complementary trend, which reached their maximum
during fruiting, for Las Chozuelas and El Vadillo-
Castril, and their minimum, for Garganta de Hornos
and Peria del Olivar during the same period. More
homogeneous trends were observed for the sesquiter-
pene group as a slow decrease over the year for all
populations, except for the El Vadillo-Castril popula-
tion. Camphor accumulated higher contents in full
flowering or fruiting than in hibernation. The o-pinene
level reached a maximum in winter (except for
Garganta de Hornos), while the opposite was observed
for B-pinene. However, the 1,8-cineole level stayed
constant during the growing cycle. The levels of other
oil compounds varied seemingly randomly throughout
the study, except for myrcene, which showed a peak
during fruiting.

Papageorgiou et al. (2008a) studied the seasonal
changes in essential oil and the phenolic composition
as well as antioxidant activity of Lamiaceae species,
Rosmarinus officinalis and Salvia fruticosa Mill.
collected in Greece. Aerial parts of the two plants
were collected at the end of February, May, and
August of 2005 and 2006. The essential oil yields
steamed from R. officinalis leaves were in the range of
1.8 to 3.3% v/w (dry weight). The minimum oil yield
was recorded in February for both years. Moreover,
the essential oil composition of rosemary remained
steady during the years investigated. The oil yield of
sage ranged from 1.6 to 3.2% v/w. The lowest yields
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were recorded during May (flowering period) of 2005
and during February (before flowering period) for both
years. Neither the year nor the season influenced the
proportions of the major constituents apart from
camphor, viridiflorol, and manool which varied
significantly. Regarding methanolic extracts, the con-
tents of quercitrin and luteolin in rosemary and sage
revealed a peak in May (flowering period) for both
years and then declined. But rutin was found only in
rosemary extracts, which declined with the develop-
ment of plants. In the case of phenolic acids of both
species, the lowest content of caffeic acid was found
during May 2005 and 2006, whereas the highest
content was detected in August (late fruiting). About
rosmarinic acid, both extracts showed analogous
trends during 2006 (but not in 2005), presenting lower
levels in May and higher levels in August. Rosmarinic
acid obtained from both plant extracts showed the
maximum accumulation in February (before
flowering).

Free radical-scavenging activity of sage oil was
much higher [2.4—5.2 g/1 (0il concentration)] than of
that measured for pure compounds such as 1,8-cineole
(not active), a-pinene (not active), and B-caryophyl-
lene (18.6 g/1). The ICs( values of rosemary oil were
similar to those of sage. The rosemary phenolic
extracts established the highest antioxidant activity
during February [12.4 mg/l (extract concentration)],
whereas the lowest was detected during May 2005
(43.2 mg/1). In 2006, the strongest antioxidant activity
was measured in August (22.9 mg/l). About the
phenolic extracts of sage sampled from 2005, the
lowest antioxidant activity was detected during Febru-
ary and August (about 25 mg/l). For 2006, a signif-
icantly stronger ICs, value was observed in August
(21.3 mg/l), while the lowest value was measured
during February (42.1 mg/l).

Generalic¢ et al. (2012) studied seasonal dynamics
of phenolic content, antioxidant capacity, and antibac-
terial activity of Dalmatian sage, Salvia officinalis L.
(Lamiaceae), growing in Croatia. Leaves were sam-
pled and quantified by HPLC in February, May,
August, and November of 2008. For all varieties, the
highest total phenolic contents, as well as the highest
flavonoid and flavone and flavonol, were measured in
the extract of plants harvested in May, where
flavonoids amount was two times higher than the
February sample or the November sample and more
than four times higher compared to the August sample.
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The dominant compound in all extracts was ros-
marinic acid, the lowest amount of it was found in
May, the highest amounts of the other identified
phenolic acids, syringic acid, p-coumaric acid, and
caffeic acid were found in February. However, the
amounts of these compounds were significantly lower
compared to the ones of rosmarinic acid. The presence
of stilbenes such as resveratrol and astringin also
reached their highest amounts (4.7 mg/l) in May. The
contents of catechin and epicatechin were greatly
influenced by the phenological phase. Concerning
biological activity, samples harvested from May, with
the highest amount of flavonoids, showed the strongest
antioxidant and antimicrobial activities.
Santos-Gomes and Fernandes-Ferreira (2001) stud-
ied organ- and season-dependent variation in the
essential oil composition of Salvia officinalis L.
(Lamiaceae) grown in Portugal. Above-ground parts
from 8 to 12 plants were randomly sampled in each of
the two experimental fields at Arcos de Valdevez and
Arouca in July, October, and December 1998, and in
February, April, and July 1999. The dominant essen-
tial oil component in the vegetative parts was o-
thujone, which represented 25.5 and 55.1% of the
essential oils from sage leaves and stems, respectively.
In flowers, o-thujone, 1,8-cineole, and [-pinene
contributed a similar proportion of around 17.0%.
The essential oil contents differed significantly over
the year both in the two localities. In Arouca, the oil
yields ranged from 19 mg/g of dry weight (October) to
51 mg/g (December). In Arcos de Valdevez, the
highest oil yields were present in July of both years
for around 100 mg/g) and the lowest in April (9 mg/
g). Concerning the chemical composition of essential
oils obtained from the Arcos de Valdevez experimen-
tal site, the proportion of monoterpene hydrocarbons
increased from 8.2 in December to 22.1% in April and
from 11.1 to 16.7% in Arouca. Oxygen-containing
monoterpenes revealed the widest variations. The
proportion of this group compounds displayed a
declining tendency from 71.5 to 43.0% in Arcos de
Valdevez and from 67.4 to 42.0% in Arouca from
December 1998 to April 1999. The second broadest
variation was observed for the proportions of the
sesquiterpene hydrocarbons, which ranged from 7.3 to
19.3% from February to April in Arcos de Valdevez
and from 7.1 to 21.9% in Arouca. From July 1998 to
February 1999, the percentage of oxygen-containing
sesquiterpenes was in the range of 4.5-8.4% and from
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54 to 11.2% in Arcos de Valdevez and Arouca,
respectively.

In an investigation related to the topic at hand,
Usano-Alemany et al. (2012) studied the seasonal
variation of the essential oils of Salvia officinalis
subsp. lavandulifolia (Vahl) Gams (Lamiaceae) grow-
ing in Spain and their role in the protection from
bacteria. Aerial parts were harvested from four years
old plants during the full vegetative cycle. This
variation showed a peak just after flowering time
(autumn) and reached the lowest point just before
flowering time. Monoterpenes were the dominant
compound group, representing more than 80% of the
total compounds. Low molecular weight compounds,
such as the highly volatile monoterpene hydrocarbons
were recorded in high percentages during summer,
contributing almost half part of the total compounds.
Generally, higher antimicrobial activity of essential
oils obtained from winter and autumn plants was
observed, this might be explained by the higher
content of camphor and borneol.

Oil composition and variations during the vegeta-
tive cycle of two different age cultivars of Thymus
vulgaris L. (Lamiaceae) cultivated in Italy were
analyzed by Hudaib et al. (2002), in order to choose
the optimal collection (harvest) period of thyme.
Aerial parts from young plants (two years old) were
collected on: 5 June, 3 July, 24 July, 6 December of
1999, and from old plants (five years old) were
collected on: 5 June, 3 July of 1999. Young plants had
the highest oil content (1.2%) during the July/August
harvesting period. In comparison to the older culti-
vated plants, young 7. vulgaris plant had a markedly
higher essential oil content. Regarding the oil compo-
sition, the maximum percentages of phenols in young
plant oils were found in June/July, the lowest levels
were recorded in November/December. In contrast,
monoterpene hydrocarbons showed the opposite
trends in both collection periods. In samples of older
plants, both compound groups (monoterpene hydro-
carbons and phenols) also showed similar tendencies.
For the other minor components, a higher content was
generally recorded in November/December.

Temperate climates

Lakusic et al. (2013a) studied seasonal variations in
the composition of the essential oils obtained from

rosemary (Rosmarinus officinalis) cultivated in Serbia
by GC and GC/MS. Plants were sampled monthly
from April 2008 to May 2009. The oil yields ranged
from 0.2 to 1.0%. The highest oil yields were detected
in young shoots and the lowest values were found
during fruiting. Except for seasonal dynamics of
individual compounds of the essential oils, the
researchers used cluster analysis and showed that all
collected samples can be classified into three main
clades, which have different essential oil composi-
tions. In clade I (shoots with fruits) and Clade III
(shoots with developed leaves) camphor was domi-
nating. In clade II (shoots with young and incom-
pletely developed leaves) the content of camphor was
equal to that of 1,8-cineole.

Luis and Johnson (2005) studied seasonal varia-
tions of rosmarinic acid and carnosic acid in rosemary
leaf extracts grown in the southern UK. Rosmarinus
officinalis was sampled at the beginning and the end of
each month before 9 am, between winter 2001 and
winter 2002. The concentrations of carnosic acid
decreased by 50% during the summer months, when
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Fig. 3 Patterns of seasonality of essential oil yield in herbs
(aerial parts/leaves) of Mediterranean climate (yellow line) and
temperate climate (green line) and shrubs (aerial parts/leaves) of
Mediterranean climate (orange line). Note: Oil-bearing herbs
are usually in senescence stage in winter. *Numbers on the
x-axis indicate four seasons during ontogenesis. Numbers on the
y-axis indicate percentages of a given oil yield/compound class
as percentages of the seasonally maximum values. Calculation
method: the percentage values of a given oil yield/compound
class of different seasons were calculated from each literature
reference, and then numbers of each season (have similar
change tendency, sample size > 10) were averaged based on
different climates/whole Europe, and the average values per
season were finally expressed as a percentage of the average
seasonal maximum value
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the highest temperature and lowest precipitation rates
were recorded. Then it showed an increasing tendency
during September, October, and November and
reached the highest levels in December. Rosmarinic
acid levels displayed a slight increase during the
summer, and showed a peak in September, and stayed
constant during the rest of the year.

Lakusi¢ et al. (2013b) also studied changes in
essential oil yields and compositions of Salvia offic-
inalis (Lamiaceae) during the vegetative phases. Ten
oil samples were collected separately from two
cultivars grown in Serbia with different geographical
origins (Serbia and Croatia) throughout the complete
growing cycle. The cluster analysis showed that the
composition of the essential oils was influenced by
leaf age and origin of the plants. All oil samples were
classified into two groups. The first group contained
samples obtained from April to June (young leaves)
belonging to the o-humulene type. The second group
was represented by the camphor and thujone type,
including oil samples from mainly old leaves (August
to June). In the second group, samples originating
from Croatia and Belgrade can be further separated.

Grausgruber-Groger et al. (2012) investigated the
seasonal influence on the formation of the main
monoterpenes and the gene expression of monoter-
pene synthases in Salvia officinalis grown in Austria.
Leaves were always harvested from two cultivars
throughout the vegetative period at monthly intervals
from June to October. Plants were investigated at the
level of mRNA expression, analysed by qRT-PCR,
and at the level of end-products, analysed by gas
chromatography. Cultivar and season had a significant
impact on monoterpene synthases and monoterpenes.
The levels of 1,8-cineole synthase and its end product
1,8-cineole kept stable until August and dropped
marginally afterwards. The thujones accumulated
gradually during the phenological stages. However,
the transcript level of their corresponding terpene
synthase reached the highest in the middle of the
phenological stages and then decreased. Only cam-
phor levels were accurately correlated with the mRNA
level of the corresponding terpene synthase.

Discussion

From the partially contradictory data reviewed above,
it is obvious that seasonal variation of plant natural
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Fig. 4 Patterns of seasonality of different compound classes in
essential oils in Mediterranean shrubs/subshrubs (aerial parts/
leaves). MH, MO, SH, SO represent monoterpene hydrocarbons
MH, oxygen-containing monoterpenes MO, sesquiterpene
hydrocarbons SH, and oxygen-containing sesquiterpenes SO,
respectively. Note: Dash line means pattern not reliable. *Same
as the description of Fig. 3.

products is a very intricate topic, because contents of
natural products are influenced by both abiotic and
biotic ecological factors. It is also noticeable from the
collection of data highlighted above and in Table 1
that a very high ratio of literature focusing on either
content or composition of essential oils, or on
phenolics, such as phenolic acids and flavonoids. Both
facts are explained by the important role of these
compound classes as bio-actives and thus their com-
mercial interest. Additionally, these compounds can
be relatively easy obtained and analysed. Less polar
compounds, which are not volatile are not as well
studied, though they will be for some taxa ecologically
more relevant.

Based on the above data, some first trends can be
derived. These are displayed in Figs. 3—5. In Mediter-
ranean climates, many herbs and shrubs are rich in
essential oil. There seems to be a trend for both herbs
and shrubs growing/grown either in Mediterranean
climates or temperate climates to yield higher contents
of essential oils in summer (Fig. 3). The oil yields
display similar changes during seasons, increase
gradually with development and then decrease. How-
ever, the changes in the Mediterranean climate are less
pronounced than in the temperate climate. Relative oil
yields of herbs/shrubs growing/grown in Mediter-
ranean climates are always higher than for the same
species grown in temperate climates, except in
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summer. This corroborates the fact that at lower
latitude, i.e. further south, populations usually contain
higher concentrations of essential oils (Fernandez-
Sestelo and Carrillo 2020). Particularly in autumn, the
oil yield is still very high in populations from
Mediterranean climates. Therefore, summer or
autumn are both suitable for harvesting plants
for essential oil production in Mediterranean cli-
mates, e.g. from the genera Artemisia, Hypericum
Origanum, Satureja, and Thymbra (Jerkovic et al.
2001b; Llorens-Molina and Vacas 2015; Milos et al.
2001; Schwob et al. 2004; Stefanaki et al. 2018) as
well as from the sub-shrub genera Rosmarinus, Salvia,
and Thymus (Hudaib et al. 2002; Melito et al. 2019;
Papageorgiou et al. 2008a; Salido et al. 2003; Santos-
Gomes and Fernandes-Ferreira 2001; Serralutzu et al.
2020; Usano-Alemany et al. 2012). In contrast,
summer is more suitable for harvesting essential oil
yielding herbs in temperate climates, e.g. from the
genera Clinopodium, Mentha, and Satureja (Grulova
et al. 2015; Lakusi¢ et al. 2011; Slavkovska et al.
2013). Notably, the highest yields were usually
observed in summer during the flowering stage. This
could be the result of higher oil production from
reproductive tissues, and/or higher temperature stim-
ulation, and/or UV radiation, and/or higher levels of
protection required for reproductive structures. Addi-
tionally, volatiles emitted from flowers play a role in
attracting species-specific pollinators, whereas the
volatiles from vegetative parts, especially those
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Fig. 5 Patterns of seasonality of flavonoids, phenolic acids, and
phenolics in European herbs without classification into climate
types. Note: Dashed line means the value of winter was
calculated mostly from Mediterranean herbs. *Same as the
description of Fig. 3.

released after herbivory, appear to protect plants by
deterring herbivores and by attracting the enemies of
herbivores (Pichersky and Gershenzon 2002). Fur-
thermore, it seems that herbs accumulate a higher
percentage of essential oils than shrubs in spring and
summer. This observation can probably be explained
by the difference in life form, the shrubs’ woody parts
contribute to the plants’ total weight, but usually
contain only insignificant amounts of essential oil.

Four different patterns of seasonality of essential oil
composition in shrubs/subshrubs growing/grown in
Mediterranean climatic zones are summarized in
Fig. 4. In essential oils, monoterpene hydrocarbons,
oxygen-containing monoterpenes, sesquiterpene
hydrocarbons, and oxygen-containing sesquiterpenes
are the four main compound classes. The percentages
of monoterpene hydrocarbons tend to reach peak
values either in winter or summer. No repeatable pat-
terns are found for monoterpene hydrocarbons, and
therefore, the dashed black line in Fig. 4 is calculated
from average values. The seasonal variation of
oxygen-containing monoterpenes is more uniform,
peak values are reached in summer, but high levels
also occur in other seasons. Sesquiterpene hydrocar-
bons seem to fluctuate sharply, their contents peak in
spring, decrease in summer, and then increase again
during the cold seasons. Oxygen-containing sesquiter-
penes display higher amounts in winter and spring and
gradually decrease in summer and autumn. The above
trends are based on experimental data obtained for
Hypericum, Rosmarinus, Salvia, and Thymus (Guedes
et al. 2004; Hudaib et al. 2002; Papageorgiou et al.
2008a; Salido et al. 2003; Santos-Gomes and Fernan-
des-Ferreira 2001; Usano-Alemany et al. 2012).

Some experimental data indicate that monoterpenes
have a protective role against heat and oxidative stress
(Loreto et al. 2004; Sharkey and Yeh 2001). This
could partially explain the high monoterpene values
during summer. In contrast, most of the sesquiterpenes
are semivolatile liquids, associated with repellency of
herbivorous insects, suggesting an “extended chemi-
cal defense” by these sesquiterpenoids for young, well
palatable, herbs in spring (Himanen et al. 2010;
Holopainen et al. 2013). Though relationships
between hydrocarbon and oxygen-containing ter-
penoids are rarely studied, reciprocal regulation
between o-cadinol (oxygenated sesquiterpene) and
d-cadinene (hydrocarbon sesquiterpene) during sea-
sons was observed (Paolini et al. 2010).
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In the publications covered in this review, many of
the Mediterranean herbs and shrub species were
investigated for their contents in essential oils,
whereas temperate herb species were mostly studied
regarding their phenolic compounds (Table 1). This
bias in study focus makes generalizations of trends
across climate zones difficult. It is however obvious
that environmental conditions strongly influence the
expression of these constituents, including seasonal
factors. Because of the insufficient number of samples
in each climatic zone and the mentioned bias in
studied classes of phytochemicals between climate
zones, comparisons of trends in different climates are
not possible.

Nonetheless, repeatable seasonal patterns in Euro-
pean herbs can still be observed. In spring as a low
temperature season (above ground parts of temperate
herbs usually do not exist in winter), high levels of
flavonoids in the leaves and aerial parts of herbs are
common; these levels then decrease during summer. In
contrast, phenolic acid contents have their lowest
concentrations in spring, and culminate in summer,
followed by a slight decline in autumn (Fig. 5). The
data to derive these trends stem from the genera
Hypericum, Medicago, Melittis, Ruta, and Thymus
(Filippini et al. 2010; Galasso et al. 2014; Generalié
et al. 2012; Pacifico et al. 2016; Raudone et al. 2017;
Skrzypczak-Pietraszek and Pietraszek 2012, 2014;
Stochmal and Oleszek 2007). The harvesting time had
a strong influence on the phenolic acids and accentu-
ated that plants in the vegetative state accumulate
higher levels of phenolic acids (Papageorgiou et al.
(2008b). As the physiological states move towards
reproduction, resources are reallocated, and the pro-
duction of phenols is directed towards flavonoid
production during flowering. Once the flowering stage
is over and the vegetative growth resumes, the levels
of phenolic acids begin to increase (Fletcher et al.
2010). Flavonoid production also seems to be linked to
oxidative stress in plants (Pirie et al. 2013; Sousa
Aratjo et al. 2015). Isoprenoid emission and the level
of enzymatic and non-enzymatic antioxidants were
lower in summer than in spring (Nogués et al. 2012).
However, from the existing experimental data, it
cannot be decided whether the observed patterns are
(only) reactions of the plants to changes in their
(climatic) environment or whether ontogenetic factors
also might play a (major) role.
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During growth and development, plants synthesize
large amounts of phenolics, which play a major role in
adaptation to changing environments and in overcom-
ing environmental stress; accordingly, concentrations
of phenolics are also depending on the harvest date
(Edreva et al. 2008). Data obtained from species of the
genera  Alchemilla,  Clinopodium,  Echinacea,
Foeniculum, Geranium, Glechoma, Glycyrrhiza,
Hypericum, Micromeria, Origanum, Pulmonaria,
Ruta, Satureja, and Thymus indicate a trend towards
higher concentrations of phenolics during spring and
summer (Fig. 5) (Cheel et al. 2013; Duckstein et al.
2012; Filippini et al. 2010; Krzyzanowska-Kowalczyk
et al. 2018; Pacifico et al. 2015, 2016; Scognamiglio
et al. 2015; Thomsen et al. 2012; Tuominen and
Salminen 2017; Varga et al. 2016). Identical trends
were observed for the two main compound classes of
phenolics, flavonoids and phenolic acids (Fig. 5).

One possible explanation for high levels of pheno-
lic compounds in young herbs in spring is a protective
effect of phenolics during the highly vulnerable
juvenile stage, as herbivores preferably eat younger
compared to older herbs (Barton and Koricheva 2010).
Concentrations of phenolics were additionally posi-
tively correlated with temperature. Herbs may use
temperature fluctuations across the season to fine-tune
their biological circannual clock and to specifically
regulate their chemical defenses (Huang et al. 2020).
This is of importance for the plants, because attacks by
herbivores including specific kinds and numbers of
pathogens, insects, herbivores, and the consequent
wounding of plant tissues, are all also depending on
the season and ambient temperatures. Levels of
individual phytochemicals or classes of phytochemi-
cals are hard to predict, because such levels are
influenced by ontogenetic factors as well as synergis-
tically and antagonistically acting multiple environ-
mental factors.

When comparing the seasonal patterns of herbs and
trees (Zidorn 2018), some similarities can be detected.
In leaves of deciduous trees, higher levels of phenolics
appear in summer; this is in parallel with the yield of
essential oils from herbs. In the Mediterranean zone,
higher yields than in the temperate zone occur during
the whole year. Young leaves in rosemary are reported
to contain a higher amount of essential oil than older
leaves; this is in parallel with the content of phenolics
in young versus old leaves of deciduous trees (Lakusi¢
et al. 2013a).
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Table 3 Recommended criteria for future seasonal studies

Aspect Recommendations

Analytics

Modern analytical methods enabling identification and quantification of individual compounds

should be used wherever possible, i.e. methods determining only, e.g., the total phenol content
should be avoided and methods such as GC-FID, HPLC-DAD-MS, and qNMR should be

preferred.

Biological repeats per point in

As many as possible with a justifiable experimental effort, but at least six, otherwise statistically

time valid data interpretation will usually not be possible, though seasonal effects might be present.

Collection time intervals

Theoretically equal time intervals seem to be optimal. However, additional samplings in times of

dynamic seasonal plant development are recommended; e.g., when the standard sampling
interval is one sampling per month, in spring weekly samplings can be preferable.

Number of data points along the In order to study seasonal dynamics, all major developmental stages in the life of the plants or

time axis

studied plant organs need to be covered. Thus, usually at least around six samplings will be

needed at different times during the year.

Statistics

Statistical methods used should be tailored to the studied scientific problem; great care should be

taken to clearly distinguish between analytical and biological repeats, respectively. Biological
repeats are essential to assess within population variation at any given point in time.

Additional studies on the seasonality of toxic
compounds in European herb species, except for
Corydalis, Macleaya, and Stylophorum, where some
data already exist, seem to be required (Khodorova
et al. 2013; Péncikova et al. 2011; Sebrlovi et al.
2015). Moreover, seasonal changes in triterpenic acid
contents were only reported in eight Thymus species
by Raudone et al. (2017). Also, the contents of
hydrolyzable tannins and lipophilic compounds
(Thomsen et al. 2012; Tuominen and Salminen
2017) have been only rarely studied and the research
on their seasonal variation is lacking in the cold zones
of Europe.

The adaptability of plant morphology to the envi-
ronment is relatively easy to observe and recognize; in
contrast, adaptions in plant biochemistry are harder to
observe and quantify (Yang et al. 2018). Nonetheless,
there are some possible explanations for regularly
found trends in the contents of bioactive natural
products: (1) In the Mediterranean climate (character-
ized by higher temperatures and regularly occurring
drought periods), different levels of pressure by
microorganisms and relatively higher pressure by
herbivores could be expected to induce the highest
levels of phenolics in summer and/or the full-flower-
ing stage, respectively. (2) Defence and repair mech-
anisms might be impaired in low temperatures. This
might in turn trigger higher levels of compounds
preventing damage from stress factors such as UV-B

radiation, which (e.g. in high altitudes) might also act
at low temperature.

In conclusion, seasonal variation is (a) species
specific, (b) organ specific, (c¢) compound specific,
(d) depending on region, habitat, altitude, and climate
pattern, (e) flexible and reactive to ecological stresses,
and thus often not primarily related to the season itself,
and (f) seasonal variation might differ due to plant age.

Seasonal and maturity variations are interlinked
with each other, because the specific ontogenic growth
stage differs as the season progresses. Different
species of herbs (even though of the same species)
will not have consistent phenological patterns, due to
climate differences and individual reactions to local
ecological conditions.

To gain reliable and reproducible data in future
studies, some minimum criteria for experimental
designs should be met. The most important have been
compiled in Table 3.

1) At least six individual plant samples should be
collected from each population for each point in time.
2) The sampling method should include at least six
different sampling points, ideally covering the entire
life cycle of the plant or the investigated plant organ
(e.g. leaves). 3) As the seedling and juvenile stages are
short-lived and dynamic, sampling should be per-
formed with a higher frequency during these times
than at other stages of the plant development. 4)
Important stages to be considered in the sampling
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protocols for all plant organs before budding, during
budding, immediately after budding, during flowering,
after flowering, and at the fruiting stage. 5) Modern
analytical chemical techniques should be used to allow
for quantification of individual compounds and not
only compound classes (e.g., GC-FID, HPLC-DAD,
and gQNMR. 6) Statistical calculations including means
and standard deviations as well as analysis of variance
should be provided for all points in time. These should
be based on real sample replicates and not only on
analytical replicates of the same sample for each point
in time. This is an important difference, because
biological variation is usually much higher than
analytical variation. Without a knowledge of the
biological variation of the samples for a given point in
time/phenological stage, any interpretations of sea-
sonal variations are flawed from the start. 7) Studies of
seasonal variation should encompass ideally more
than one season in order to be able to determine,
whether the observed patterns are reproducible
between years or just chance observations valid for
one particular year, only. In this context, detailed
meteorological data for each of the studied years/
seasons are warranted.

Due to the increasing global mean temperature,
climate zones are shifting (North in the case of
Europe) (Mabhlstein et al. 2013). E.g., the Mediter-
ranean climate zone will gradually extend its range to
areas further North in the European continent (Beck
et al. 2018). The biosynthesis of natural products in
herbs and shrubs is directly dependent on climate-
related variables (e.g., drought, herbivore stress);
when stress conditions are persistent, species-specific
survival in natural ecosystems will depend on adap-
tation strategies including ecophysiological, struc-
tural, and biochemical responses. To study seasonal
trends of natural compounds from herbs grow-
ing/grown in different climate zones is thus a timely
research topic, which might help to get a glimpse into
the future in terms of the effects of climate change. In
addition, experimental strategies to assess how herbs
will respond to multiple aspects of climate change will
be needed.
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