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Abstract: In light of pollinator decline, plant species suitable for the restoration and conservation
of pollinators need to be selected. In this systemic review, we concentrated on the importance of
NFWYV (non-forest woody vegetation, i.e., linear or grouped trees/shrubs) for pollinators across
agricultural landscapes. In the temperate climate zone, flowering trees and shrubs provide nectar
sugar (energy) and pollen (nutrients) for managed and wild pollinators. They also create nesting
niches and serve as host plants that support the full life cycle of wild pollinators. The creation of
woodland strips/groups is a cost-effective and time-saving strategy to improve self-repeatable nectar
and pollen resources on a landscape scale. The spatial distribution of NFWV can help to create an
entire network of pollinator-friendly habitats. NFWV can support the continuity of food resources
outside of the crop flowering season, i.e., during seasonal bottlenecks. This concept also offers other
environmental benefits (e.g., water and air quality improvement, climate mitigation). However,
future work should address the usefulness of trees/shrubs for different crops and regions to develop
a network of flower-rich corridors. Likewise, more advanced and detailed studies are necessary to
determine the qualitative characteristics of nectar and pollen, which may result in optimization of

pollinator nutrition.
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1. Introduction

Pollinators (mainly insects) are crucial for sexual reproduction of ca. 87% of wild
angiosperm flora occurring in terrestrial ecosystems [1,2]. They are also critical for com-
mercial production, as ca. 35% of the global crop production volumes worldwide depend
on pollination [1,3]. In Europe, 85% of 264 cultivated crops benefit from insect pollina-
tion [4]. The annual economic value of the insect pollination service is estimated at ca.
USD 235-580 [5]. The demand for pollinator service is expected to increase over the coming
decades due to the expansion of entomophilous crop areas associated with the rising food
demands of the growing human population [4-8]. However, populations of both wild and
managed pollinators are facing serious challenges and are under threat in many parts of
the world, which poses potential risks for human food security [9].

There are multiple contributors to the pollinator decline, i.e., the intensification of
agricultural production (the use of pesticides, herbicides) [6,9], the spread of diseases and
parasites [10], climate change [11,12], invasive species, and even light pollution [13]. How-
ever, the degradation and fragmentation of natural habitats and the consequent shortages
of nesting and mating sites as well as food scarcities and inadequate nutrient composition
are mentioned as the leading factors in limiting pollinator populations [8,14,15].
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In Europe, multiple actions were taken to balance the negative environmental ef-
fects caused by intensive agricultural practices on biodiversity and ecosystems. Agri-
environment schemes (AES) were introduced as early as in the 1980s [16-18]. Initially, the
AES were focused on the protection of species (e.g., Birds Directive) and habitats (Habitats
Directive) [19]. Subsequent strategies emphasized the need to improve ecosystem services
(e.g., pollination) [3,15]. With regard to the pollination service, local management practices
on farms (e.g., organic farming) and management of habitats in the surroundings of fields
(e.g., implementation of multi-flower strips in field margins, restoration of meadows) were
implemented as part of large-scale programs [3,20]. However, due to great flexibility in
the agri-environment strategies and differences in priorities between countries, the effec-
tiveness of the introduced programs varied substantially [18]. In general, environmental
improvement has been restricted to local farms/habitats, whereas the advantages in the
landscape scale were less pronounced [21,22].

In 2018, the Pollinator Initiative was launched in the EU, focusing on the integration of
policies as part of the EU biodiversity strategy [23]. Three main directions were highlighted,
i.e.,, maintenance/restoration of pollinator-friendly habitats, rational use of pesticides, and
control of invasive species in order to tackle the decline of pollinators [24].

Currently, the environmental policy (EU Farm to Fork Strategy; European Green
Deal) addresses the support for long-term sustainability and focuses on integration of
environmental, economic, and social goals [25]. It is highlighted that cost-effective and
time-saving actions are required to restore the connectivity of ecosystem services across
landscapes [15].

To support pro-ecological systems and goals, restoration and management of non-
forest woody vegetation (NFWV) are proposed to improve the structural and functional
diversity of agricultural landscapes [17,26-37]. Various studies have indicated that NFWV
located in mid-fields, meadows, and pastures and along roads, field margins, and river
banks can fulfill multiple ecosystem functions (e.g., improvement of air and water quality,
capture of soil pollutants, carbon storage, climate regulation, biocontrol) and enhance
crop/livestock productivity [19,28,35,38—43]. NFWYV can also considerably contribute to
pollinator abundance and diversity by securing the food supply and ensuring its conti-
nuity and complementarity with the resources available in other habitats or crops [30,44].
Moreover, trees and shrubs provide diversity of nesting and mating sites [35,38,45-52].

However, the use of trees and shrubs to improve pollinator food resources requires
information on the quantity and quality of nectar and pollen available in their flow-
ers [14,22,44,53,54]. Such knowledge will allow rational management of resources and
help to implement strategies for pollinator conservation [9,55-57].

The aim of this paper was to investigate the importance of woody species (trees and
shrubs) for supporting insect pollinator food resources in agricultural areas. In particu-
lar, we focused on the quality and quantity of nectar and pollen supplied by non-forest
woody vegetation. We also revised other benefits of trees/shrubs for pollinators. This
information can be used by landscape planners, land-use decision makers, government
agencies, landowners, and farmers who can be involved in creation and implementation of
pollinator-friendly agri-environmental strategies. We also tried to outline knowledge gaps
to be addressed in future experimental studies.

2. Methods

We followed the instruction and recommendations described by Mengist et al. [58],
identifying records through database screening, obtaining full-text articles and text analysis
characteristics for the systematic review. Research papers published in English and in
Polish were browsed using electronic databases (Web of Science, Scopus, ResearchGate,
and Google Scholar). The search was carried out from September 2022 to January 2023.
The papers were searched using the following keyword combinations: ‘non-forest woody
vegetation’, ‘woody vegetation’, ‘trees and shrubs’, ‘agroforestry, ‘shelterbelts’, "hedgerows
or hedge’, and ‘conservation’, in combination with the following keywords: ‘nectar and
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pollen’, “floral resources’, “food resources’, ‘phenology’, and ‘pollinators” (honey bees, bees,
flies, moths, wasps, beetles or Apis mellifera, Bombus, Diptera, Syrphidae, Coleoptera).
Original research papers and review papers were included. Papers presenting relevant
research identified based on the authors’ knowledge were included as well. These papers
presented data collected in our research unit. We also included key articles related to
the impact of climate change on nectar and pollen resources that can be important for
plant—pollinator relationships. Moreover, key papers focused on the environmental impacts
of trees/shrubs were incorporated. For the introduction section, to show changes in the
approaches to environmental services, we screened crucial articles that discussed the
European programs designed and performed to counteract pollinator decline.

The following steps were performed when collecting the data: (i) search in databases
and other sources, (ii) initial screening of records for data, (iii) article qualification (eligibil-
ity /exclusion) for the review purpose, (iv) analysis of articles necessary for the synthesis,
(v) synthesis of the information and writing the article.

The database searching and screening involved: (i) reading abstracts to identify irrel-
evant articles, (i) assessment of the full-text version of articles for their fulfillment of the
inclusion criteria.

We tried to identify the widest possible variety of relevant studies with the goal
of reducing bias. The inclusion criteria covered: (i) field studies on nectar and pollen
production in native tree/shrub species, and all information on their attractiveness to insect
pollinators that might have an impact on plant selection for food resources management,
(ii) data relevant to the temperate climate zone in Europe, (iii) language—articles in English
and Polish were considered, (iv) articles published between 1972-2023 were included. Such
a wide time range was considered due to the lack of more contemporary studies in relation
to nectar/pollen qualitative/quantitative characteristics in woody species. However, the
articles published before 2010 constituted only 22.8% of the entire set of the articles reviewed
in this study. The exclusion criteria comprised: (i) studies on nectar and pollen production
by exotic tree/shrub species/cultivars, (ii) data from non-European countries.

Initially, we searched 521 papers. However, we only considered papers on NFWV
characteristics for the temperate climate zone. Therefore, we finally included 176 papers in
the synthesis.

3. Food Resources
3.1. Nectar and Pollen

Several studies have documented that NFWV provides food for managed and wild
pollinators [39,59-61]. In terms of the type of resources, trees and shrubs that develop
entomophilous flowers provide nectar and pollen (e.g., willow—Salix L., plum—Prunus
L., lime tree—Tilia L., maple—Acer L., horse chestnut—Aesculus L., and locust—Robinia L.)
or produce only pollen (e.g., roses—Rosa spp.) [62-65]. However, many insect pollinator
taxa also feed on wind-pollinated plants, where they collect floral pollen, or use non-floral
resources (resins) [66]. The role of anemophilous woody taxa is limited; nevertheless,
wind-pollinated plants in some regions and seasons provide essential food resources,
e.g., hazelnut (Corylus avellana L.), common alder—Alnus glutinosa or elms (Ulmus spp.)
(reviewed in Saunders) [62,67-69]. However, there are also reports that woody wind-
pollinated taxa are avoided by pollinators, e.g., elder—Sambucus nigra L. [31].

Nectar is a sugar-rich water solution consisting mainly of sugars (glucose, fructose,
sucrose) and serving as an energy source for insects [23,29,36,48]. The nectar sugar com-
position and the ratio of sucrose to hexoses (sucrose/(glucose + fructose)) differ between
plant species [67,68]. However, the data on the nectar composition in tree/shrub species
are very scarce. As reported by [70], sucrose-rich nectar (S5/G + F ratio between 0.5-0.99) is
produced by the flowers of Acer spp. Aesculus, Tilia cordata, and Robinia pseudoacaccia.

Nectar may also contain small amounts of amino acids, mineral salts, dyes, and
fragrance compounds [67,68]. Naef et al. [71] identified monoterpenes (ethers, aldehydes,
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acids), isoprenoids, and phenols among the volatile compounds in the nectar of lime—
T. cordata.

Nectar sugar concentrations differ considerably in the flowers of woody plants, e.g.,
ca. 15-35% of sugars was detected in lime tree (Tilia spp.), ca. 15-60% in bird cherry (Prunus
padus Mill.), and ca. 50-70% in horse chestnut (Aesculus spp.) nectar [72-74].

Woody plant species are known to offer abundant amounts of sugars in their nectar,
e.g., [67,69,70,73-82]. For example, the total sugar content was 10-40 mg per floral unit
in willow (Salix spp.), 0.57-0.65 mg per flower in maple (Acer spp.) [80], 0.61-0.78 mg
per flower in plum (Prunus spp.) [76], 1.28-2.2 mg per flower in black locust (Robinia
pseudoaccacia L.) [70,73], and 5.7-6.6 mg per flower in Tilia platyphyllos Scop. [74]. These
values are higher than those noted in the flowers of herbaceous plants. For comparison, the
sugar content in common herbaceous species was 0.07-0.14 mg per flower in red clover
(Trifolium pratense L.) [78] or ranged from 0.15 to 0.48 mg per flower in oilseed rape (Brassica
napus L.) [83].

At the species level, the total amount of food resources available is related to the
nectar/pollen amount per floral unit (=flower/inflorescence) and abundance of flowering
(=number of developed flowers) of an individual tree/shrub [63]. Woody plant species are
known to flower abundantly; however, they show considerable year-to-year differences
related to alternating flowering [63,64,75,77,78,84]. For instance, Tilia cordata can develop
from 121,000 to 1,473,000 flowers per tree [85]. Accordingly, one Tilia tree can produce
0.3-2.0 kg of sugars [78]. Data on the nectar sugar productivity of particular tree species
are presented in Figure 1.

Pollen is regarded as a determinant of pollinator development, immunocompetence,
and health [86,87]. It is a critical component in the diet of all life stages of bees and several
wasp species [88]. Another category includes wasps, beetles, flies, butterflies, and moths
feeding on pollen only in the larval or adult stage [55,67].

Researchers agree that both the quantity and quality of pollen resources play an
important role in proper pollinator nutrition [14,85]. The amount of pollen available in
flowers varies considerably between plant species and is positively correlated with the
mass of pollen produced in anthers and the number of developed anthers [63]. For example,
the number of anthers in small-leaved linden—T. cordata L.—was 21-30, while the pollen
content ranged from 0.05 to 0.5 mg per flower [89]. The flowers of Crimean linden—T.
x euchlora K. Koch—with ca. 40 developed anthers produced ca. 0.8 mg of pollen per
flower [85]. Multi-anther rose flowers (with 82-260 anthers per flower) are known to
be very effective pollen producers, e.g., 3.3 mg of pollen per flower was found in dog
rose—Rosa canina L.—and even 26.7 mg of pollen per flower was produced by beach
rose—R. rugosa Thunb. [90]. For comparison, pollen production in common herbaceous
species ranged from 0.01 to 0.02 mg per flower in red clover—Trifolium pratense—or from
0.3 mg to 0.5 mg per flower in wild mustard—Sinapis arvensis L. [63]. However, although
woody species produce high amounts of pollen, some of them are not attractive to bees.
For example, elder (Sambucus nigra) pollen contains a high concentration of cyanogenic
glycosides, which repel bee pollinators but attract flies [91].

Total pollen resources calculated per tree fluctuate between years, which is significantly
related to the high variability in blooming abundance [63,64,77,85]. Year-to-year differences
of blooming varied from 473,000 to 2,892,000 flowers per Tilia insularis tree; consequently,
the total pollen production ranged from 167 g to 1.032 g per one tree [85]. The pollen
production by horse chestnut—A. hippocastanum—may be in the range of 12-25 g per tree
between growing seasons [77]. Pollen production in several wood species is shown in
Figure 1.

In terms of quality, pollen is rich in protein, lipids, macro- and microelements, vitamins
(mainly D, E, A), and hormones [72,92]. The nutritional value of pollen is mostly based on
its crude protein content [63,92,93]. Depending on the botanical origin, the protein content
in pollen ranges from 2.9% to 60% [94]. Typically, pollen from different plants has a similar
composition of amino acids and does not differ significantly in their proportion [70,92,95].
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In general, the data on the pollen quality in woody plants are rather scarce. According
to protein content, Di Pasquale [87] ranked analyzed species as follows: Cistus > Erica >
Castanea > Rubus (with the protein content of 12-22%). High-quality pollen (with high
protein and lipid concentrations) is produced by willow (Salix spp.), maple (Acer spp.),
plum (Prunus spp.), chestnut (Castanea spp.), and ash (Fraxinus spp.) [63,87].

Corylus avellana

Bpollen msugars

Salix caprea
Prunus cerasifera
Salix fragilis 19000000
Padus avium
Acer platanoides
Prunus spinosa
Pyrus communis
Acer campestre

Aesculus hippocastanum

Acer pseudoplatanus

Crataegus monogyna

Rosa rugosa

Acer tataricum

Acer Ginnala
Frangula alnus
Robinia pseudacacia
Tilia platyphyllos

Tilia cordata

g/m?

Figure 1. Sugar and pollen production in several woody plant species; based on [8,9,62-65,67,69,70,
74-81,83,85].

The quantity of macro- and microelements in pollen is related to the botanical ori-
gin [96]. As reported by Filipiak et al. [14], the concentration and proportion of elements
in pollen play a great role in balancing pollinator diets. In particular, the scarcity of Na, S,
Cu, P, and K (and possibly Zn and N) in pollen has an adverse effect on insect growth and
development [53,55]. Recently, it has been emphasized that ‘key pollen species’ rather than
pollen diversity are required for proper development, growth, and survival of pollinator
individuals and colonies [55,97]. Among woody plant species, blackberry (Rubus ulmifolius
Schott) and walnut (Juglans nigra L.) are suggested to be used in order to promote the
nutritional balance of the insect pollinator diet [55].

3.2. Seasonal Availability of Food Resources during the Flowering Season

In addition to the quantity and quality of food resources, the continuity of the food sup-
ply over the foraging season is important [84]. In the temperate climate zone, seasonal bot-
tlenecks in food continuity are noted, in particular in early spring (March—April) [32,33,98],
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early summer (June/July) [44,99], and late summer (August) [34,100,101]. In particular, the
first seasonal food bottleneck is dangerous, as insects establish their nests (e.g., bumblebee
queens, solitary bees, Osmia, Andrena), and the lack of resources results in high mortality
rates [32,44].

It is accepted that patches of non-forest woody vegetation with adequate spatial dis-
tribution can support seasonal continuity of floral resources [32,102-104]. In Switzerland,
the combination of crops and grasslands with tree species (e.g., fruit trees, woody vegeta-
tion) is [105] recommended. In Poland, six to nine patches (0.025-0.3 ha each) of diverse
vegetation types (natural, seminatural, non-cropped vegetation) within an area of 100 ha
is suggested to obtain food resource seasonal stability [99]. It has been highlighted that
trees and shrubs provide the first nectar and pollen resources in Central Europe (Poland)
and England [44,84,106,107]. In these regions, early spring pollen (February—March) is
provided by hazelnut (Coryllus avellana L.). Its pollen is willingly collected by honey bees
and Osmia spp. [20,102,108] Willows (e.g., Salix caprea L.), maple (Acer platanoides L.), and
wild plums (Prunus spinosa L. and P. cerasifera Ehrh.) are recommended for nectar and
pollen enrichment in April [63,78]. In the end-April-May period (during mass blooming
of rapeseed/fruit trees in orchards), food resources are sufficient to meet pollinator de-
mands [84,106]. However, to support food resource diversity, white willow—Salix alba
L., crack willow—S. fragilis L., field maple—Acer campestre L., sycamore—A. pseudopla-
tanus L., bird cherry—Padus avium Mill., apple—Malus Mill., cotoneaster—Cotoneaster
Medic., and horse chestnut—Aesculus hippocastanum L. are proposed to be used in mid-
Europe [77,80,106], Scotland [109], and England [110]. Common hawthorn—Crataegus
monogyna Jacq., black locust—R. pseudoaccacia, and alder buckthorn—Frangula alnus Mill.
are suggested to fill the late-spring gap (end of May-June), related to the end of flowering
of orchard species/rape [111]. Buckthorn is particularly valuable, as it blooms even until
August [65]. Species from the genus Tilia (native and exotic) are recommended to support
sugar and pollen resources in the summer period (July—August) [78,85]. However, the list is
open and there are also other woody species that are not included in the reviewed literature
but possibly provide forage resources.

4. Nectar and Pollen Insect Collectors

In tropical ecosystems, lizards, birds (hummingbirds, sunbirds), or mammals (bats,
monkeys) are insect pollinators. In turn, insects, e.g., bees, flies, wasps, butterflies, moths,
and beetles, are the main native pollinators in temperate regions [62].

The plant—pollinator relationships are multi-factorial. Briefly, flower morphology
(corolla depth), color, and scent and the characteristics of floral rewards (nectar, pollen,
oils) determine the accessibility to the flower rewards and their attractiveness [62,112].
Consequently, pollinators have evolved diverse strategies, and their behavior is focused
on resource exploitation in a temporally and spatially changing habitat [62]. Their adapta-
tions are related to morphological traits (e.g., proboscis length, body size) and behavioral
(night vs. day time activity; preferences towards flower color, scent) and/or physiological
adaptations (e.g., temperature tolerance, energy expenditure) [45,52,62,86,91,97,98,101,112].
Typically, in making feeding decision, bees prefer yellow and blue flowers and choose
nectar with a 50-60% sugar concentration, while butterflies favor red flowers with a 35%
concentration of nectar sugar [62,67,113]. With regard to pollen reward, there is evidence
suggesting that bumble bees preferably collect pollen with higher protein than lipid content
(P:L ratio 5:1 or 10:1), reviewed in [112,114].

Most insects collect nectar and pollen from a wide range of plant species and flower
types (generalist pollinators) [54,115]. There are also specialized (oligolectic) pollinators,
which entirely depend on specific plant species [116]. Considering generalist pollinators,
honey bees and bumble bees use floral resources available in entomophilous trees and
shrubs [35,60,117-119]. In particular, flowers of willows—Salix, plum—Prunus, linden—
Tilia, maple—Acer, horse chestnut—Aesculus, hawthorn—Crataegus, and locust—Robinia
are willingly visited by bees [32,52,68,89]. Additionally, pollinators can use pollen from
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anemophilous woody species, e.g., hazelnut—Corylus avellana, oak—Quercus L., and ash—
Fraxinus L. pollen, is collected by honey bees [108,120], while Osmia spp. collect Betula,
Juglans, Populus, and Quercus pollen [34,90,91,121,122]. Many studies confirm that butter-
flies [36,37,46,103,123] and flies [104,124-127] feed on nectar produced by entomophilous
flowers of trees and shrubs. It is known that syrphid flies willingly collect pollen from wind-
pollinated taxa, e.g., common alder—Alnus glutinosa L. and C. avellana [127,128]. Based on
the results obtained in England, Donkersley [22] indicated that tree-derived pollen was
overrepresented in the honey bee diet, compared to the vegetation cover noted across the
landscape (e.g., in the landscape dominated by grasslands). Therefore, high preference of
honey bees for tree pollen is suggested.

As reported by Fowler [129], ca. 15% of wild bee species are pollen specialists. The
specialization can be very narrow (oligolecty) with preference for feeding on a single fam-
ily /genus of flowering plants [130]. Such specialization can refer to ‘floral constancy’. In
particular, wild bee specialists are associated with entomophilous species, e.g., Andrena api-
cata (Andrenidae) feeds on species from the genera Salix, while Colletes hederae (Colletidae)
prefers collecting pollen from Hedera helix (Araliaceae) [131]. Specialized insect pollinators
are more susceptible to the habitat or limited by losses of floral resources than polylectic
species [132]. The destruction of their nutritional, nesting, or mating niches may even lead
to their extinction. The failure of the mutualistic plant-pollinator interaction has a negative
impact on the plant population strength and can result in their disappearance [21].

5. Nesting Niches

Besides the food niche component, nesting, mating, and sheltering niches are crucial
for wild pollinators [47]. Generally, insect pollinators benefit from the location of their
nesting sites close to abundantly flowering vegetation patches, including woody vegeta-
tion [7,133-135]. It is estimated that ca. 80% of wild pollinators are ground-nesting species.
Other insect pollinators nest above the ground, often forming their nests in tunnels made
in soft woody plant stems [48,136].

Ground-nesting insect pollinators benefit from the limitation of soil disturbance in the
surroundings of hedgerows/woodlots [45-47].

Considering above-ground pollinators, the diversity of woody plant species and the
presence of tree holes and dead trees increase the number of their nesting sites [137].
Especially, Japanese wax tree (Rhus spp.), black elder (Sambucus nigra), and Rubus spp.
(raspberries, blackberries) have a beneficial effect on nesting sites and consequently are
advantageous for pollinator abundance [48]. It has been shown that NFWV even has a
positive impact on the availability of nesting sites found in adjacent meadows [49-52].
Moreover, trees occurring in the vicinity of crops were found to improve indirectly the effi-
ciency of pollination services in agroecosystems [105]. However, opposite results showing
no positive effects of NFWV on the occurrence of nesting places and pollinator abundance
were reported as well [47,138]. In addition to nesting niches, non-forest woody vegetation
gives an opportunity for hibernation and overwintering [47].

In addition to pollinators, native woody plant species exert positive effects on other
organisms important for agroecosystems. They serve as host plants for natural enemies
of pests (e.g., syrphid flies, beetles, moths, and butterflies) and contribute to their good
potential to be used as biological control of crops [30,139,140].

6. Refuge Areas and No-Spray Buffer Zones

All insecticides are potentially poisonous although their toxicity depends on the type,
timing, and doses of application [141]. Particularly dangerous are systemic insecticides, e.g.,
imidacloprid [142]. Pesticides reduce insect pollinator survival and have a negative impact
on pollinator food plants. Their droplets can get into nectar or adhere to pollen [143].
Systemic pesticides can also contaminate nectar and pollen via the vascular system in
plants [144]. Evidence suggests that contaminants from nectar and pollen negatively
influence the immunocompetence and health of pollinators [145].
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At the landscape scale, an increase in the proportion of ecological islands (=non-
cropped areas) can buffer the effect of pesticides on pollinators in agricultural areas [146].
Among ecological islands, non-forest woody vegetation can act as no-spray buffer zones
providing pollinators with a refuge and protecting them from pesticide spraying [117]. One
of the widespread opinions is that NFWYV can help reduce exposure of pollinators to pesti-
cides [35]. However, appropriate timing and location of spraying as well as environmental
monitoring are especially required to minimize the exposure effect [141]. Spray deposi-
tion can differ with distance, air humidity, and wind speed [146]. As reported by Kjaer
et al. [142], buffer zones made of ca. 12 m long hedgerows can reduce spray deposition in
nearby areas by ca. 70%. It is recommended that trees and/or shrubs chosen for buffer
zones should be less attractive for pollinators or should not flower during the pesticide
application time [144,145].

7. Environmental Effects
7.1. Mitigation of Climate Warming

Climate change refers to the air temperature rise and extension of drought periods
noted across many areas worldwide [147]. These changes can generate a threat for the
plant-pollinator interaction [12,67,112,148-150]. Firstly, phenological acceleration of flow-
ering of plant species can potentially escalate the incompatibilities between plants and
pollinators [150,151]. This may exert an impact on changes in the structure of mutualistic
networks and may aggravate the food scarcity, especially in early spring [12,151]. Secondly,
the temperature rise trend combined with precipitation shortages induces changes in the
characteristics of floral rewards [63,67,148,151-153]. It is widely known that the nectar
volume, nectar sugar concentration, and sugar composition are influenced by tempera-
ture [68,149]. Investigations carried out in climatic chambers have documented that heat
stress decreases nectar and sugar production in perennial forbs [152]. Similar effects can be
expected in tree species, although there are very scarce data on the impact of temperatures
higher than optimal on nectar/sugar productivity in woody species. In Tilia flowers, the
nectar sugar production may differ in the range of 100-300% between seasons; moreover,
at high temperatures combined with low air humidity, the nectar of Tilia species may be
highly concentrated (up to 70%) and may thus be avoided as unattractive and difficult to
collect [74]. Data from Denmark revealed that the lack of rainfall before flowering dimin-
ished the sugar secretion rate in heather (Calluna vulgaris) [57]. Elevated air temperature
can also exert a negative effect on pollen performance, i.e., anthers produce less pollen
(decrease of ca. 30-80%) that is less viable and/or less likely to germinate [63,154].

Another unfavorable aspect of climate change is drought caused by prolonged pe-
riods of precipitation shortages and lack of snow cover [147]. Mainly, the reduction of
photosynthetic resources related to the decrease in water availability has a negative effect
on plant characteristics vital for plant—pollinator interactions [153]. It is reported that
drought stress substantially reduces the flower life-span and floral display size (size of
flowers, inflorescences) [150], has an impact on the composition and proportions of floral
volatiles, and reduces the abundance of blooming (=number of developed flowers) [63,155].
Consequently, flower attractiveness for pollinators may decrease, and, as a result, the
pollination effectiveness may decline [112,150]. This may have negative consequences for
the maintenance of plant populations [21]. The reduction in total nectar sugars and pollen
productivity may also exacerbate nutrition problems and exert immediate effects on insect
pollinator behavior (activity, energetics, health) [156].

Non-forest woody vegetation provides shade under the canopy; hence, it plays an
important role in reducing heat stress in plant populations and pollinators [40]. Mitiga-
tion of pollinator heat stress is particularly important in the scenario of global warming
(temperature rise, humidity decrease) [148]. Under the shade of shrubs/trees, the activity
of pollinators increases; therefore, this type of vegetation may have a positive effect on
pollination services during periods of extreme temperatures [151]. The shade provided
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by non-forest woody vegetation also has a positive effect on the nectar production by
herbaceous annuals and perennials (both wild species and crops) [152].

7.2. Landscape Scale Connectivity

It is accepted that patches of non-forest woody vegetation can increase landscape
connectivity by providing habitat for feeding, nesting, and other life activities [157]. One
widespread option is that NFWV across the landscape supports the abundance, richness,
and diversity of pollinators as well as their long-term population dynamics [158,159]. These
vegetation types support creation of a network of ecological corridors that can enhance
movements of pollinators and natural enemies across fragmented habitats [160]. It is
also underlined that, in a patchy landscape, pollinators can fly between the patches more
easily and thus promote long-distance pollen dispersal [161,162]. For example, the corridor
effect of hedgerow infrastructure on the movement of diverse pollinator groups, e.g., bees,
including less-common wild native bees [159,163,164], butterflies [165], flies [166,167], and
carabid beetles [168], has been documented. In the case of syrphid flies, a network of
hedgerows is known to act as a functional biological corridor if the hedgerows grow in
connection with forests [167], but see [47].

The corridor effect of NFWV within the modern landscape can enhance pollination
services, e.g., increase the frequency of pollinator visits and pollination efficiency [169].
In the Mediterranean region, an increase in hedgerows to 6% of the landscape cover
resulted in a considerable increase in pollination of entomophilous crops and increased
their yield (by approx. 70%) [41]. An increase in the commercial crop value (up to 60%)
in strawberry plantations adjacent to hedgerows was reported by Castle et al. [42]. As
suggested by these authors, such a result is related to increased pollinator abundance
and flight mobility. Hedgerows have also been reported to exert a positive effect on
pollen transfer and reproductive success of wild plant species (e.g., Salvia pratensis L.,
Lamiaceae) [163].

However, a barrier effect of NFWYV (e.g., linear hedgerows) has also been documented.
A dense hedgerow network has been shown to reduce pollen transfer [43]. The barrier
effect of hedgerows was documented in the case of movements of butterflies, beetles,
dipterans [43], and highly mobile bees [46,164]. Impairment of pollen transfer is presumably
associated with blockade of pollinator movements and pollen dispersal in the landscape
matrix [46,164]. It is emphasized that especially tall and dense woody vegetation patches
are likely to act as a barrier to pollinator flights and pollen dispersal within the landscape
matrix [41]. The <2 m height of hedgerows can minimize their barrier effect. The orientation
of woody species rows is also of great importance, as it can enhance or limit the mobility
of insect pollinators [165]. Unfavorable effects on pollinator communities and subsequent
crop pollination service delivery have been documented for conifer hedgerows, which not
only create barriers but intensify the effect of food deficiency [127].

8. Management Strategies

The data on total available food resources and their seasonal distribution are neces-
sary for an optimal management strategy to support pollinators at the landscape scale.
However, effective management of food resources should consider the complexity of
the plant—pollinator relationship [45,52,62,86,97,98,100,101,112]. Optimal food resource
management for pollinators in the agricultural landscape has to deal with pollinator be-
havior, their nutritional requirements, nutritional preference, flight energetics, and flight
distance [115,116,170,171].

Planting trees/shrubs is a cost-effective and time-saving strategy providing long-term
effects [15,44,103,172]. An advantageous trait of trees and shrubs is their year-to-year
spatial resource repeatability [44,63].

Traditionally, native plant species are regarded to be best adapted to local pollinators
and environmental conditions [173]. In view of the current climate change, enrichment of
local flora with woody species/cultivars adapted to expected changes is recommended for
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improvement of resources [174]. In turn, alien species with invasive potential should be
avoided or introduced with caution, especially when they cannot be replaced [175]. The
extensive use of wind-pollinated conifers with nectarless flowers (e.g., Thuja spp., Monterey
cypress—Hesperocyparis macrocarpa) should be systematically replaced by more attractive
food species, in particular by native woody species. In areas that are particularly neglected
and poor in food flora, trees and shrubs should be planted systematically, bearing in mind
that the effects will be distant in time, as most tree species bloom for the first time after
5-10 years and reach full flowering potential after ca. 20 years. Therefore, the beneficial
assumptions of NFWV should be expanded to include herbaceous vegetation.

The selection of trees and shrubs for improvement of food resources should also con-
sider the regional character of the landscape. Among woody species, willows (Salix spp.),
maple (Acer spp.), sour cherry (Prunus spp.), horse chestnut (Aesculus spp.), hawthorn
(Crataegus spp.), European bird cherry (Prunus padus), locust (Robinia spp.), and lime
tree (Tilia sp.) are especially recommended for England and Central and Eastern Eu-
rope [22,28,44,106]. Additionally, Japanese wax tree (Rhus spp.), black elder (Sambucus
nigra), and Rubus spp. (raspberries, blackberries) have to be retained within the landscape,
as these species have an advantageous effect on pollinator abundance through the provision
of nesting sites [48].

Moreover, when choosing nectar and pollen-yielding woody species, other qualities
should be considered in order to maximize ecological benefits (e.g., improvement of air
and water quality and retention, carbon sequestration, reduction of wind speed) as well as
improvement of the esthetic appearance of the landscape [176] (Table 1).

Table 1. Importance of non-forest woody vegetation for insect pollinators and pollination service in
the agricultural landscape of the temperate zone.

Service Type

Characteristic References

Contribution to sugar and pollen Relatively high sugar and pollen amounts related to

resource quantity

abundant flowering. [9,14,63-66,68-71,75-84]

Contribution to resource quality spp.—plum) produce high-quality pollen, important

Woody species (e.g., Salix spp.—willow, Prunus [15,46,54,56,64,68,69,73

for proper insect pollinator nutrition. 75,86,87,91-93,98]

Seasonal importance—early and

summer resources

Woody species in temperate regions provide
important early-season (Salix spp.—willows, Acer
spp.—mabple, Prunus spp.—plum) sources of pollen
and nectar and summer food resources (Robinia
pseudoaccacia—black locust, Tilia spp.—lime tree).

[21,33-35,45,64,65,78,79,85,
86,99,102,107,109-112]

Other resources—resins, oils (e.g., Alnus

spp.—alder, Aesculus spp.—horse Honey bees (Apis mellifera) collect resins from tree
chestnut, Betula spp.—birch, Fagus buds to make propolis; wild bees use resins for lining [67]
spp.—beech, Pinus spp.—pine, Populus brood cells.

spp.—poplar, Ulmus spp.—elm)

Nesting niches

Non-forest woody vegetation offers (i) stable
(undisturbed by agricultural practices) nesting sites for
ground-nesting species; (ii) nesting sites for wild [7,46-48,50-53,99,134—
species that use left plant stems (Sambucus 136,138,139,176]
spp.—elderberry, Rubus spp.—blackberry; Rhus
spp.—sumac).

Refuge areas

NFWYV can provide buffer zones, safe from pesticides
and other chemicals. Such areas are necessary to [36,89,146,147]
safeguard the stability of pollination services.
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Table 1. Cont.

Service Type

Characteristic References

Mitigation of climate warming effects

In the scenario of an air temperature increase above
optimum, trees and shrubs reduce air temperature
within apiaries and have a positive impact on [2,40,41,64,67,112,148,149,
pollinator activity and pollination service; the shade 152,153,155,157]
positively influences nectar secretion in annual and
perennial species.

NFWYV enhances pollinator movement across the

Landscape connectivity landscape at multiple spatial scales, providing [41,158-168]

connectivity between feeding and nesting habitats.

Barrier/corridor

NFWYV can act as a barrier or a corridor for pollinator

movements and pollen dispersal. The barrier/corridor

effect depends on the landscape type, pollinator type,
and course of NFWV rows.

[42,44,47,127,164,165,170]

Crop pollination

NFWYV can increase pollination effectiveness (increase
in crop yield, crop quality), which is related to
increased nesting and food availability, and the
number and activity of pollinators.

[42,43,163,170]

Other benefits

Wind speed reduction has a positive impact on
pollinator movements and reduces honey bee [14,45,176]
mortality in apiaries.

9. Concluding Remarks

In conclusion, maintenance of the diversity of entomophilous plant species and sustain-
able agriculture needs pollinators. The decline in pollinator abundance requires continued
efforts to stop this unfavorable trend recorded worldwide. Establishing woody species is
a cost-effective concept that may help to increase the quality of the habitat for bees and
non-bee pollinators by providing key food resources with year-to-year repeatability. Trees
may also contribute to mitigation of food gaps over pollinator seasonal activity. Planting
trees/shrubs together with other management types (restoration of semi-natural meadows,
implementation of multi-flower strips in field margins, organic farming) is expected to
lead to cumulative advantageous effects and reduction of pollinator malnutrition. Simulta-
neously, non-forest woody vegetation provides multiple environmental benefits (climate
mitigation, water retention improvement, removal of pollutants from air and soil) and
enhances crop/livestock productivity.

However, there is still much to be learned about the interaction between pollina-
tors and woody plant species. Further studies should be conducted to determine which
tree/shrub species/ cultivars should be prioritized for pollinator conservation. In particular,
we need more phenological knowledge to indicate trees/shrubs species that can ensure
floral continuity with a reduced overlap with flowering crops and suitability for different
climate regions. Moreover, more advanced and detailed research is necessary to determine
the qualitative characteristics of nectar and pollen in native and alien woody species, which
will allow optimization of pollinator nutrition.
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