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Abstract
Many pollinating insects, across taxa and regions, have declined during the twentieth century. Amongst the drivers of these
trends, soil eutrophication and acidification caused by nitrogen (N) have not been broadly researched. Anthropogenic influences have greatly increased the global deposition of N to soils during the past century; this is increasingly recognised as a
threat to global biodiversity. The fundamental role of soil in plant growth and health means that alterations to soil conditions
will likely have consequences for plant–pollinator interactions. Soil N can be a substantial driver of the species structure of
botanical communities, often reducing species richness due to quick growth of competitive grasses. Floral traits, relevant to
pollinators, such as phenology, morphology, and nectar and pollen production and quality can also be affected by soil N. We
currently lack sufficient research to determine if and how pollinators will be impacted by these changes. This review collates
the research and evidence of how soil N affects botanical species composition and relevant floral traits, and discusses how
pollinating insects and plant–pollinator interactions might be impacted. We conclude by identifying the key knowledge gaps
in this subject; the lack of research that includes the pollinators into studies of how N additions affect botanical traits, poor
understanding of inter-specific variation in botanical responses to N, synthesis of botanical traits to form a comprehensive
understanding, and the inclusion of other abiotic and biotic drivers into studies.
Keywords Nitrogen deposition · Soil nitrogen · Floral traits · Pollinators · Plant–pollinator interactions

Introduction
The life cycles of pollinating insects are sustained through
flowering plants, which provide nutrition for adults and their
progeny. Through this interaction, environmental impacts
on plants can have consequences for pollinators, and vice
versa; if pollinators are affected it can have further implications for the quality of pollination services delivered to
entomophilous plants (Fontaine et al. 2006; Fründ et al.
2013). Plant–pollinator interactions are vital in supporting
terrestrial biodiversity and the functional stability of ecosystems; it is estimated that 87.5% of global plant species
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rely on biotic pollination (Ollerton et al. 2011). Pollinators
are also important for the yields of many agricultural crops
(Gallai et al. 2008; Garibaldi et al. 2011, 2014; Rader et al.
2016); 87 of the 115 leading global food crops, accounting
for 35% of our agricultural produce, rely on biotic pollination (Klein et al. 2007). Insects are the key pollinators in
most systems (Gallai et al. 2008; Patiny et al. 2009; Potts
et al. 2010; Wardhaugh 2015; Ollerton 2017). However, it is
well documented that insect pollinators are in decline across
a range of taxa and ecoregions, due to a combination of factors that include habitat degradation, land-use change, parasites, pesticides, and the transport of non-native commercial
pollinators (e.g. Williams and Osborne 2009; Potts et al.
2010; Winfree et al. 2011; Vanbergen and Iniative 2013;
Rundlöf et al. 2015). Soil eutrophication, caused by atmospheric nitrogen deposition and increased use of inorganic
and organic fertilisers, is known to contribute to declining
habitat quality. However, the effect of elevated biologically
available nitrogen (N) on plant–pollinator interactions has
received very little research attention (Harrison and Winfree
2015).
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Excessive soil enrichment with N can occur through fertiliser application, agricultural run-off, and through atmospheric N deposition. The increase in N, often a limiting
nutrient, typically boosts above-ground primary productivity, which favours fast-growing, nitrophilic plants. This
leads to taller vegetation and creates stronger competition
for light, with smaller and slower growing species often
suffering as a result (Mountford et al. 1993; Crawley et al.
2005). Anthropogenically increased deposition of N to soils
has distorted the N cycle and causes excessive soil N. This
is now recognised as a substantial threat to global biodiversity (Phoenix et al. 2006; Bobbink et al. 2010; Bleeker
et al. 2011; Erisman et al. 2014; Schoukens 2017). We have
an increasingly well-developed understanding of how plant
communities respond to N deposition (Bobbink et al. 2010).
However, evidence on the consequential impacts to further
trophic levels is lacking (Stevens et al. 2018). Research on
plant–herbivore and plant–herbivore–predator interactions
demonstrates that soil N affects invertebrate development
and populations (e.g. Jefferies and Maron 1997; Haddad
et al. 2000; Throop and Lerdau 2004; Aqueel and Leather
2012; Banfield-Zanin et al. 2012; Pöyry et al. 2017). We
urgently need to understand how pollinators are responding
to the changing environment caused by N deposition to aid
our knowledge of pollinator declines and mitigate adverse
consequences in the future.
Soil eutrophication can impact plants in various ways,
such as by altering soil microbial communities (e.g. Farrer
and Suding 2016), increasing their susceptibility to pests and
pathogens (e.g. Brunsting and Heil 1985; Strengbom et al.
2003, 2006), and interacting with other environmental drivers and stressors (e.g. Caporn et al. 2000; Tylianakis et al.
2008). However, this review will address the most widespread impacts: chronic eutrophication and, in poorly buffered soils, acidification (Bobbink et al. 1998). The review
will begin by introducing the recent history of anthropogenic
alterations of the N cycle. The second part will discuss how
relevant botanical traits are impacted by N additions, and
how this might affect pollinators and their interactions with
plants. The review will conclude by identifying key knowledge gaps in this research area.

Historic nitrogen production and deposition
Humans have dramatically altered the N cycle, mostly
through agricultural and energy industries (Vitousek et al.
1997; Cornell et al. 2003; Galloway et al. 2004; Fowler
et al. 2013; Erisman et al. 2014). Global anthropogenic
N production increased from 15 Tg N year −1 in 1860 to
187 Tg N year−1 in 2005 (Galloway et al. 2008) and is
now the dominant supply of biologically available N to
soils. Global atmospheric N deposition consequentially
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increased from 34 Tg N year−1 in 1860 to 100 Tg N year−1
in 1995 and is estimated to double between 1995 and 2050
(Galloway et al. 2004). Global fertiliser production saw
a large increase during the twentieth century (Newbould
1989). Inorganic fertiliser application increased in Europe
during the last century, although some countries have
decreased application since the 1980’s (Stoate et al. 2001).
Atmospheric N deposition is currently highest in the
developed temperate regions of the Northern Hemisphere
(Dentener et al. 2006; Bleeker et al. 2011). Since the
1980’s, the deposition rate in Europe and North America has begun to level off and decrease in some areas,
due to more efficient technologies and the plateauing of
N fertiliser application (Cornell et al. 2003; Goulding
et al. 2015); at current levels it is typically 10–25 kg N
ha−1 year−1 (Bleeker et al. 2011; Dentener et al. 2006).
In many ecosystems, this still falls above the estimated
critical threshold for sensitive ecosystems of 15 kg N h a−1
year−1 (Phoenix et al. 2006). In China, the rate can exceed
50 kg N ha−1 year−1 and is increasing (Liu et al. 2013).
Atmospheric N deposition is typically lower in remote
undeveloped areas of the Southern Hemisphere, although
the rate is expected to increase dramatically in the future
(Dentener et al. 2006; Galloway et al. 2008). This is concerning, as many of the world’s biodiversity hotspots are
found in the Southern Hemisphere and will be in danger
of rising levels of N deposition in excess of the critical
thresholds of sensitive ecosystems (Phoenix et al. 2006;
Bleeker et al. 2011).
Baude et al. (2016) suggested that trends in UK pollinator
diversity may be directly related to atmospheric N deposition
during the past century. From the early twentieth century
until approximately the 1980’s, atmospheric N deposition
increased (Fowler et al. 2004; RoTAP 2012; Storkey et al.
2015) while total nectar provision, nectar diversity and
pollinator diversity all decreased (Carvalheiro et al. 2013;
Baude et al. 2016). Since the 1990’s, when N deposition in
the UK began to plateau and decline, nectar diversity and
total nectar provision increased alongside an alleviation in
the decline of pollinator diversity (Carvalheiro et al. 2013;
Baude et al. 2016). Research into the relationship between
N deposition and plant–pollinator interactions and pollinator assemblages is required to determine if these correlative
trends need to be considered more meaningfully in pollinator debates. With more data and evidence, we can begin to
develop a mechanistic understanding of how pollinators are
affected by changes in soil N across taxa and ecoregions in
the context of the multitude of other factors impacting pollinator populations (Vanbergen and Iniative 2013). Long-term
ecological experiments such as the Park Grass Experiment at
Rothamsted Research (Hertfordshire, UK) have an important
role to play in elucidating these mechanisms (Storkey et al.
2016).

Understanding how changing soil nitrogen affects plant–pollinator interactions	
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Pathways of how N impacts on pollinators

Species composition

When pollinating insects forage in the natural world, they
choose from a selection of floral resources, dependent on
the season and flowering phenology. Floral morphology can
serve to attract, or restrict, potential flower visitors. The key
rewards that pollinating insects seek are nectar and pollen;
the nutritional qualities, tastes, and scents of these floral
rewards affect the health of pollinators and can attract or
repel floral visitors. These aspects of plant–pollinator interactions clearly set out the various trait pathways through
which N-driven changes to botanical communities affect
plant–pollinator interactions: (1) species composition, (2)
phenology, (3) partitioning of resources to flowers and floral
morphology, and (4) the quantity and nutritional quality of
nectar and pollen (Fig. 1). The increased availability of N,
commonly a limiting nutrient, can potentially alter relevant
botanical traits. Therefore, N addition could disrupt or, conversely, strengthen individual plant–pollinator interactions,
possibly affecting the structure of networks, and pollinator
communities. The following sections will review the scientific evidence for the effects of N on these botanical traits,
in addition to how insect pollinators may be affected by the
disturbances to these traits (Fig. 1).

Soil eutrophication lessens the limitation of a key resource
nutrient; consequentially altering plant competition dynamics, typically causing increased biomass of fast-growing
competitive grasses at the expense of flowering forbs
and legumes (e.g. Suding et al. 2005; Helsen et al. 2014;
Goulding et al. 2015; Storkey et al. 2015). Soil acidification reduces pH, frees potentially toxic heavy metals such
as aluminium, and decreases the cation-exchange capacity
and availability of beneficial minerals (Stevens et al. 2010b;
Phoenix et al. 2012). This causes further selectivity, with
plants sensitive to low pH and heavy metals, such as aluminium, declining (Stevens et al. 2010b), especially in poorly
buffered soils such as acidic grasslands, heaths, and forests
(Clark et al. 2007; Diekmann et al. 2014; Field et al. 2014).
Therefore, soil eutrophication and acidification are important drivers of reduced botanical species richness (e.g. Stevens et al. 2010a, b; Duprè et al. 2010; Wesche et al. 2012;
Field et al. 2014). However, even when species richness does
not decrease there can be shift in botanical community structure and a decline in flowering forbs, reducing the richness
of useful species for pollinators and other flower visiting
insects (Phoenix et al. 2012).
The dominance of grasses tolerant to N and low pH
translates into reduced diversity and abundance of plants
that provide nectar and pollen for pollinators (Wesche et al.
2012; Helsen et al. 2014). Habitat degradation and the loss
of entomophilous plants is known to be a key factor in insect

Intra-specific variation to botanical traits, such
as flowering phenology and nectar quality, can
impact the provision of resources for
pollinators and other follower-visiting insects.

Fig. 1  N deposition alters the landscape and can affect the available
food resources for pollinators. The image depicts the loss of flowering species and dominance of grasses with elevated N deposition. Our

understanding of the impacts to floral traits, such as phenology, morphology, nectar and pollen is lacking
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declines (e.g. González-Varo et al. 2013). The loss of nectar
and pollen resources are a detriment for current and future
generations of pollinator communities. Biesmeijer et al.
(2006) found a correlation between declining pollinator
diversity and the loss of nectar and pollen resources in Britain and the Netherlands, although this study did not explore
causality.
Evidence from temperate and montane grasslands suggests that the rate of botanical species loss increases with
higher levels of N deposition (Stevens et al. 2010a; Humbert
et al. 2016). Therefore, the impact to pollinators may be
more severe at greater deposition levels. In the Northern
Hemisphere, where N deposition has been high, this may
have contributed to the negative trends of many insect pollinators during the twentieth century (Wallisdevries et al.
2012; Carvalheiro et al. 2013), as suggested by Baude et al.
(2016).
Studies from Mediterranean and tropical ecosystems
show N deposition can encourage the spread of exotic nitrophilic plant species at the expense of native forbs (Bobbink
et al. 2010). Encroachment of exotic grasses could greatly
harm the native pollinator community by decreasing native
nectar and pollen resources. The invasion of exotic entomophilous plants can have more complex dynamics for pollinator communities and the consequences will likely vary
with botanical species and invaded community (Bartomeus
et al. 2008). The additional nectar and pollen resources can
be beneficial for flower visitors and attract many generalist pollinating insects. However, invasive plant species can
compete with native species and potentially dominate pollen transport networks, which threatens the reproduction of
native plant species (Lopezaraiza-Mikel et al. 2007). While
generalist insect pollinators may benefit, there is a concern
that specialised native pollinators will suffer if their associated food plants decline (Weiss 2009).
There is a large diversity of plant–pollinator interactions, with plants and pollinators adapting specialised
traits to improve the efficiency of their interaction. Insect
pollinators occupy a range of niches and can be categorised into functional groups that reflect size, feeding apparatus, and foraging behaviours. Some functional groups are
linked with certain functional groups of floral traits, such
as long-tongued bees and the deep corollas of Trifolium
pratense. To understand more accurately how soil-driven
shifts in plant community composition affect pollinating
insects, we need to know how specific plant functional
groups, species, and traits within a community respond.
The loss of certain botanical species and traits threatens
specialist interactions and is a cause of historic pollinator
loss (Kleijn and Raemakers 2008; Scheper et al. 2014).
For example, in the Netherlands, declines in N-sensitive
host plants have led to the local extinctions of their associated butterfly species (Öckinger et al. 2006). Meanwhile,
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butterflies that utilise nitrophilic host plants are increasing
in abundance (Wallisdevries et al. 2012; WallisDeVries
and van Swaay 2017). The high levels of N deposition
in Harpenden, UK during the 1970–1980’s dramatically
reduced the ability of Fabaceae, such as Trifolium pratense, to grow naturally (Storkey et al. 2015). Since the
1990’s, the plateauing and decline of N deposition allowed
Fabaceae to recover. This may have contributed to the
pattern of declines in long-tongued bumblebees, which
were most severe during 1970–1989 and have become
less accentuated since the 1990s (Carvalheiro et al. 2013).
When closely associated food plants decline, the degree
of impact to pollinators will depend on how severely the
botanical trait is affected, whether the pollinator has a polylectic or oligolectic diet and if there are alternative food
sources available, and whether oligolectic pollinators are
able to show plasticity and adapt their foraging behaviour
(Kleijn and Raemakers 2008).
Functional trait analysis of the botanical community
can identify whether specific floral traits will increase or
decrease in a community with N deposition. This, in turn,
can be used to inform us which pollinator functional groups
will be more affected by N deposition. Reduced overall functional diversity of the plant communities, and a decrease
in entomophilous plants, have been found in European
grassland communities and in floodplains in North Germany (Wesche et al. 2012; Helsen et al. 2014). Reduced
floral diversity equates to reduced diversity of functional
nectar and pollen traits, which can lead to impoverished species richness of bee assemblages (Potts et al. 2003, 2010;
Fründ et al. 2010; Weiner et al. 2014). Stevens et al. (2018)
performed a trait analysis on a dataset of acidic grasslands
across the UK to give an insight into how the botanical degradation caused by N deposition and soil acidification might
affect upland pollinator communities. The authors found
that plants with floral structures suited to larger bees (e.g.
bumblebees) and long-tongued pollinators, such as zygomorphic flowers or deep corollas, were more absent in areas
that experienced higher levels of N deposition and with more
acidic topsoil. The reduction of suitable forage plants within
these habitats, caused by high levels of N deposition, can
impose stress upon and threaten the associated functional
groups of pollinators, such as long-tongued bumblebees.
Generalist floral resources typically visited by smaller bee
species were not negatively affected by N deposition or soil
acidification. The results suggest that, in acidic grasslands,
bees that visit generalist open flowers will not be as heavily
impacted as specialist, long-tongued pollinators, and largebodied bees. The analysis also found that plants with lower
nectar production are more prevalent in areas with higher
levels of N deposition (Stevens et al. 2018), indicating that
N deposition may reduce the overall quantity of nectar produced in upland acidic grasslands.
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Following the decline or termination of N application,
botanical communities can remain in a state of low-diversity that reflects historic soil enrichment. Experiments have
shown these conditions can persist for over 20 years following the cessation of N addition (Isbell et al. 2013). Although
the overall community structure may be slow to recover, in
some communities the occurrence of N-sensitive species can
increase within a couple of decades of declining N fluxes
(Clark and Tilman 2008; Storkey et al. 2015). Evidence
from the Park Grass Long-Term Experiment has shown that
the decreasing levels of atmospheric N deposition since the
1990’s has allowed a recent resurgence of Fabaceae and
other important nectar and pollen resources (Storkey et al.
2015).

Phenology
Soil N content and additions can potentially alter the phenology of plants, but our understanding of how the flowering phenology of entomophilous plants responds across
taxa is poor. Evidence from a field trial of experimental
plots in coastal Central California found that addition of N
to soils delayed flowering in grasses and slightly accelerated flowering of annual forbs (Cleland et al. 2006). This
may be due to annual forbs increasing the partitioning of
newly acquired nutrition to reproduction, whereas perennial
grasses that can spread vegetatively might not partition so
much energy towards floral units. In long-term experiments
in UK, the ericaceous dwarf shrub Vaccinium myrtillus produced flower buds earlier with N additions (20 kg N h a−1
year−1 in acidic grasslands, 60 kg N h a−1 year−1 in heathlands). Hoover et al. (2012) also found that N enrichment
accelerated the flowering of Cucurbita maxima in a potted
experiment. Other studies show that forbs can vary in their
phenological response to increased soil N and do not always
flower earlier. In a field experiment in a temperate steppe
of North China, the flowering phenology of most forbs did
not respond to the experimental addition of 100 kg N ha−1
year−1. However, Heteropappus altaicus had a delayed date
of first flowering and Allium bidentatum had a shortened
bloom duration (Xia and Wan 2013). In a Tibetan alpine
meadow, the flowering phenology of three Ranunculaceae
was monitored in response to N addition. Anemone trullifolia and Caltha scaposa responded; dates of first and last
flowering were delayed. Trollius farreri showed no response
(Liu et al. 2017). This is an example of inter-species variation of response within taxonomic families.
The Park Grass Long-Term Experiment at Rothamsted
Research, has shown that chronic eutrophication can lead to
local adaptation in flowering phenology (Silvertown et al.
2006). The field plots have received consistent N applications for over 150 years and populations of a grass species,
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Anthoxanthum odoratum, flower at alternative times according to soil treatment, preventing pollen exchange between
some populations (Snaydon and Davies 1982). This asynchrony between populations can theoretically lead to speciation. There has not yet been a similar study published that
investigates the divergence of populations of entomophilous
plants in Park Grass.
It is largely unknown how shifts in flowering phenology will influence pollinator communities (Miller-Rushing
et al. 2010). Models predict that shifts in flowering phenology can disrupt interactions, potentially leading to network
instability, reduced pollinator abundances, and potentially
local extinctions (Memmott et al. 2007; Fabina et al. 2010).
However, realistically, if species are able to adapt and find
and utilise alternative food resources the impact should not
be so severe (Benadi et al. 2014). Therefore, high plant species richness could buffer detrimental effects of phenological
shifts, by providing alternative forage. The impact to pollinators will likely vary across ecosystems, depending on
the plant and pollinator species present and on the extent of
N enrichment. Unlike the effect of climatic warming, which
can also accelerate insect emergence dates (Bartomeus et al.
2011; Ovaskainen et al. 2013), soil N enrichment will likely
only affect plants, not their pollinators. Therefore, there is
a potential for phenological asynchrony and of uncoupled
specialised interactions, which can have negative implications for both pollinator communities and plant reproduction
(Burkle et al. 2013; Kudo and Ida 2013).

Floral production and morphology
N addition has been shown to affect floral production; however, the responses are species-specific and often dependent
on the amount of N. Several studies found that low additions of N to soils can enhance floral production, meaning
more floral units per plant (Muñoz et al. 2005; Burkle and
Irwin 2009a, b; Hoover et al. 2012). Increased floral production can drive an increase in pollinator visitation per plant
(Muñoz et al. 2005; Burkle and Irwin 2010) and has been
linked with improved insect pollinator diversity (Potts et al.
2010). In long-term experiments in UK heathlands, with
N applications ranging between 7.7–60 kg N h a−1 year−1,
flowering of the dominant shrub Calluna vulgaris increased
with N, with flowering at a maximum at the highest levels
of N addition (Phoenix et al. 2012). In a subalpine meadow
field experiment, Burkle and Irwin (2010) found that total
floral production per plot, when including all species, was
highest with low levels of N additions (10 kg N h a−1 year−1)
compared to control or high N (200 kg N h a−1 year−1) plots.
These two studies indicate dose-dependent responses, but in
contrasting ways. Dominant species may be more likely to
maintain enhanced floral production with high N additions,
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as shown by Phoenix et al. (2012). On the other hand, for
other species there is a narrow window of N addition in
which enhanced floral production can benefit pollinators,
but at higher levels floral production declines and positive
effects diminish (Burkle and Irwin 2010). In the aforementioned subalpine study, the floral production of Potentilla
pulcherrima decreased with high N addition (200 kg N ha−1
year−1) (Burkle and Irwin 2010). Declines in forb floral
production were also observed in long-term UK grassland
experiments (Phoenix et al. 2012). The authors noted how
forb flowers declined more noticeably than forb cover, and
may be a more sensitive indicator of responses to N deposition. As floral production is a more important metric than
vegetation cover for pollinators, this is important to bear in
mind when considering data on species composition. Gijbels
et al. (2015) and Burkle and Irwin (2010) did not find any
effect of N on floral production per plant in Gymnadenia
conopsea and Ipomopsis aggregata, respectively. The range
of responses of floral production to N addition shows that
impacts to pollinators could vary across ecosystems, soil
types, and botanical communities, as well as with levels of
N addition.
Burkle and Irwin (2010) found that low N addition
increased the length and width of corollas of Ipomopsis
aggregata flowers. In many flowering plants with elongated
corollas, the floral morphology has evolved to restrict access
to unwanted visitors and selectively favour certain insects
(Nilsson 1998). Significant changes to corolla morphology caused by N addition occur on much faster timescales
than the co-evolved adaptations, and without the likewise
adaptations of insect proboscises. Therefore, the elongation
of corollas may exclude some of the preferred pollinators.
Furthermore, if increased soil N causes corollas to widen,
opportunistic and unwanted flower visitors may have better
access to the valuable nectar supply. However, there is no
evidence to determine whether alterations of floral dimensions or morphology will impact upon specialised pollinators or pollination services in the real world.

Floral rewards: nectar
Pollinating insects visit flowers to obtain the nutritional
rewards that sustain them; nectar and pollen. Although pollen is digested by some adult insects and is required for the
development of bee larvae, nectar is the most commonly
sought reward and reason for visiting inflorescences. Nectar
contains sugars and other compounds, such as amino acids,
that are vital components of insect diets. It has been demonstrated that below-ground conditions affect nectar production and sugar content (Baude et al. 2011; Barber and Soper
Gorden 2014). However, there are few studies exploring how
nectar traits are affected by soil N. Our ability to understand
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how nectar traits are affected is confounded by the evidence
of inter-specific response variation from these studies, thus
making generalisations difficult.
In a study on the effects of nutrient additions to nectar
traits, N addition did not increase the nectar secretion of
Trifolium pratense, an N-fixing Fabaceae, but it did increase
secretion rate in Antirrhinum majus (Shuel 1956). In another
study, nectar secretion increased in Ipomopsis aggregata
but not in Linum lewisii or Potentilla pulcherrima (Burkle
and Irwin 2009a, 2010). However, the increase in nectar
secretion of A. majus and I. aggregata was only observed at
low levels of N addition (10 kg N ha−1 year−1 for I. aggregata). At high levels of N addition (200 kg N h a−1 year−1
for I. aggregata), nectar secretion decreased for both species (Shuel 1956; Burkle and Irwin 2010). This suggests
that while low N deposition might bring benefits for nectarfeeding insects, excessively high deposition will not.
The composition of sugars within nectar is an important
determinant of insect visitation and niche division. A more
diverse selection of nectar sugar compositions can improve
the richness of pollinator assemblages (Potts et al. 2003),
due to the preferences and requirements of different pollinator guilds. For instance, Hymenoptera pollinators prefer
high sucrose nectars, Diptera visit lower sucrose nectars,
and Lepidopteran flower visitors are intermediate (Petanidou 2005). Some species show sex-specific nectar niches;
Rusterholtz and Erhardt (2000) found that females of Lysandra bellargus, a threatened European Lepidoptera, preferred
high glucose nectars whereas males preferred high sucrose.
Ceulemans et al. (2017), studying Succisa pratensis, demonstrated that the composition of sugars can be affected
by soil nutrient enrichment with N and phosphorous (P);
glucose proportionally decreased. Whether this response
is uniform across more species is unknown; S. pratensis is
an N-sensitive species (Hill 1999) and there may be interspecific response variation. It is possible that alterations to
the composition of sugars in nectar can impact on the diets
of particular pollinator guilds and disrupt the interaction
niches. Whether the alteration of nectar sugar composition
is enough to influence plant–pollinator networks is unknown
and requires further research.
Floral nectars contain many other compounds, in addition to sugars, that can directly impact the nutritional
qualities and attractiveness of nectar (Alm et al. 1990;
Carter and Thornburg 2004; González-Teuber and Heil
2009; Nepi et al. 2012; Nepi 2014). Amino acids are found
ubiquitously in nectar (Baker 1977), and are a necessary
component of insect diets. The amino acid content of nectar can be a driver of bee health and mortality; Paoli et al.
(2014) found high amino acid diets increased the lifespan
of queen-right Apis mellifera workers, but decreased the
lifespan of queenless workers. Excessively high levels of
amino acids may be problematic or even dangerous for
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pollinating insects, for example naturally high concentrations of the non-protein amino acid β-alanine in the nectar
of Gentiana lutea have been observed to stun and reduce
motor skills in foraging bees (Nepi 2014).
High soil N content, and N additions, have been shown
to increase total amino acid content in most studies (Gardener and Gillman 2001; Gijbels et al. 2014, 2015), with
Gardener and Gillman (2001) observing a linear relationship between N addition and nectar amino acid content.
Of the individual amino acids, asparagine and glutamine
are commonly observed to increase with N addition (Gardener and Gillman 2001; Gijbels et al. 2015; Ceulemans
et al. 2017). Where levels of soil N are excessive, glutamine can be excreted from some plant species to avoid
cellular damage, which could explain the increased proportion of glutamine in the nectar of fertilised plants
(Gardener and Gillman 2001; Gijbels et al. 2015). Other
amino acids observed to increase with soil N addition in
individual studies are serine in Gymnadenia conopsea, a
Lepidoptera-pollinated Orchidaceae (Gijbels et al. 2014),
and proline in Agrostemma githago (Gardener and Gillman
2001). There are no common trends in the amino acids
that decrease in production; rather the responses are specific to individual experiments and study species. Gijbels
et al. (2015) observed a decrease in arginine, aspartic acid,
and glutamic acid in the nectar of Gymnadenia conopsea. These three amino acids inhibit the chemosensory
cells of Diptera (Shiraishi and Kuwabara 1970). Although
G. conopsea is Lepidoptera-pollinated, if this response
is found in other plants it could affect the taste perception and foraging choices of Dipteran pollinators, such
as Syrphideae (Gijbels et al. 2015). Gamma-aminobutyric
acid (GABA), proline, and glutamine share a common biosynthetic pathway from glutamine alpha-ketoglutarate. In
a study on the effects of N addition to the nectar amino
acid profile of Agrostemma githago, Gardener and Gillman (2001) observed a decrease in GABA alongside an
increase in proline and glutamine. This suggests a potential response mechanism whereby proline and glutamine
are present at higher concentrations at the expense of
GABA (Gardener and Gillman 2001). GABA, and its close
association with NaCl salt, has phagostimulatory effects
on insects but can be dangerous for larvae at high concentrations (Nepi 2014). Therefore, it is not clear whether
a decrease in GABA would affect pollinators positively
or negatively. The increase in proline concentration could
be useful for pollinators; it is rapidly metabolised and is
useful for the conversion of energy in initialising flight
in invertebrates (Carter et al. 2006). It also serves as an
attractant; Bertazzini et al. (2010) found honeybees were
more attracted to proline than serine, alanine, or control solutions. However, its attractiveness is highest at
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moderate levels, with bees becoming less interested at
higher concentrations (Carter et al. 2006).
As with sugars, amino acids in nectar are shown to be correlated with certain functional groups of pollinators. Petanidou et al. (2006), studying a Mediterranean plant community
of 73 species, found pollinator preference was the strongest
determinant of nectar amino acid composition, more so than
life-history or taxonomic group. This is highly suggestive
of an ecological role of nectar amino acids that influence
plant–pollinator networks. For example, phenylalanine and
γ-aminobutyric acid (GABA) are found in high concentrations in plants pollinated by bumblebees and long-tongued
solitary bees (Petanidou et al. 2006; Nepi 2014). Petanidou
et al. (2006) also observed that total amino acid content
was correlated with the number of long-tongued visitors.
Sex-specific niches also exist with regards to amino acids;
females of the threatened Lysandra bellargus butterfly prefer
a diet high in amino acids (Rusterholtz and Erhardt 2000),
potentially to enhance fecundity (Mevi-Schütz and Erhardt
2005). The variation in nectar preferences and niches across
insect pollinator taxa suggests an important role for nectar
chemistry in the diets of insects. However, it is not known
if the changes to nectar brought about by N deposition will
impact on plant–pollinator interactions.
We are lacking evidence of how soil N affects the production of defensive secondary compounds in floral nectar
(González-Teuber and Heil 2009). Alkaloids, glycosides,
and phenolics play a role in selectively limiting flower visitors (Carter and Thornburg 2004; Nepi 2014). At low levels
these substances can be important for the health of pollinating bees, by reducing parasite loads (Richardson et al.
2015, 2016). However, in excessively high concentrations
alkaloids are repellent and can reduce mobility and motor
function of bees (Manson et al. 2013). The addition of N can
increase the production of natural defensive compounds in
vegetation (Chen et al. 2010); if a similar response is found
in floral nectar there may be consequences for pollinating
insects. There has also been no research into how floral volatiles, which are used by bees during early foraging trips to
identify sources of nectar and pollen (Dötterl and Vereecken
2010), are affected by soil N. Without a broad understanding
that encompasses the less prevalent components of nectar,
it is difficult to forecast how nectar traits affected by soil N
will impact pollinators.
Although there are few studies into how soil N affects
nectar traits, research that includes the impact on pollinators
is even sparser. Ceulemans et al. (2017) housed colonies of
Bombus terrestris with Succisa pratensis, to investigate the
effects of nutrient enrichment on floral reward chemistry and
colony development. The study found that colonies housed
with enriched Succisa pratensis had more dead and ejected
larvae from Bombus terrestris colonies, leading to a smaller
colony with fewer workers during the colony’s mid-life. The
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study did not identify whether a specific component of nectar or pollen was the cause, but it is evidence that high soil
enrichment may be detrimental to colony health. Hoover
et al. (2012) artificially made Cucurbita maxima nectar from
a ‘recipe’ of sugars and amino acids that represented the concentrations found in control and N-enriched plants. In this
experiment, Bombus terrestris workers preferentially visited
and consumed nectar of enriched plants, but their lifespan
decreased. These two studies reveal negative impacts of soil
N enrichment on the development and longevity of a key
pollinating species, which could potentially lead to impoverished pollinator populations and pollination services.
However, it should be noted that the artificial nectar used
by Hoover et al. (2012) only contained sugars and amino
acids, without the less prevalent secondary compounds, so is
not necessarily applicable to real-world responses. Evidence
on other key pollinating species, such as wild solitary bees,
would be useful to ascertain the occurrence of this response.

Floral rewards: pollen
Many flower visitors feed on or collect pollen, including
agricultural pests (such as the pollen beetle) and important
pollinators. Bees collect pollen to rear their young, and the
botanical origin, quantity, and chemistry of pollen can affect
the health and mortality of future generations of these key
pollinators (Roulston et al. 2000; Potts et al. 2003; Sedivy
et al. 2011; Vanderplanck et al. 2014). Foraging bees are
able to recognise and preferentially forage pollen that has a
higher content of essential amino acids (Cook et al. 2003).
Pollen with higher protein and amino acid content lead to
more and larger larvae (Génissel et al. 2002; Vanderplanck
et al. 2014) and without sufficient amounts of key amino
acids, larvae are unable to develop and survive (Roulston
and Cane 2000). Therefore, the nutritional qualities of
pollen are important for ensuring sustainable pollinator
communities.
Ceulemans et al. (2017) found soil enrichment with N and
P altered the sugar composition of Succisa pratensis pollen;
glucose increased and fructose decreased. The authors also
recorded a shift in the amino acid profile, with asparagine
and ornithine increasing alongside a decrease in arginine,
glycine, and threonine. However, as the content of proteins,
amino acids, and other compounds in pollen varies across
botanical species (Szczesna 2006), there is likely inter-species variation in the response to increasing soil N. As noted
previously, Ceulemans et al. (2017) found that floral rewards
from nutrient-enriched plants caused more dead and ejected
larvae from Bombus terrestris colonies, although the study
did not establish if this response was due to changes in nectar or pollen qualities.
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Burkle and Irwin (2010) did not find any change to the
production of pollen per individual flower with N addition. However, the increase in floral production of Ipomopsis aggregata with low N addition (10 kg N ha−1 year−1)
resulted in greater overall pollen production per plant. On
the other hand, with high N addition (200 kg N h a−1 year−1),
Potentilla pulcherrima floral production decreased, causing an overall decrease in pollen production per plant. Lau
and Stephenson (1993) found that Cucurbita pepo pollen
grains from high N soils were 5% larger; however, whether
this translates to higher overall nutritional content was not
explored.
Bees develop dietary niches with pollen specialisms
more often than nectar specialisms, due to the importance
of pollen in rearing offspring. These are driven by secondary metabolites found in low concentrations in pollen, and
closely related bee species can differ in their tolerances of
some pollen compounds (Sedivy et al. 2011). There is not
yet any research into how soil N affects the defensive compounds of pollen; if so, this could create stress and mortality
for the larvae of some pollen specialists.

Knowledge gaps
The impact to pollinators
While there is some research that investigates how N additions affect the discussed botanical traits, we have very few
studies concerning the actual impacts to pollinators. This is
a key knowledge gap; the lack of causative research into how
botanical traits affected by soil N consequentially affect pollinators. With N deposition set to rise in many parts of the
globe in the future, it is important to know how pollinators
will respond to background additions of N. Without research
that incorporates pollinators into the experimental set-up it
is impossible to know if, and how strongly, plant–pollinator
interactions will be affected. It is important to know how
the developmental and reproductive fitness of pollinators
are affected by atmospheric N deposition or the addition of
fertilisers. We also need to ascertain if responses are consistent across botanical and insect taxa, or if some interactions and functional groups are more threatened than others.
Finally, there is also evidence that low additions of N can
lead to changes in floral traits that may benefit pollinators,
whereas the effects at higher rates of addition can be adverse
(Muñoz et al. 2005; Burkle and Irwin 2009a, b; Burkle and
Irwin 2010; Hoover et al. 2012). Clarity is required as to the
thresholds beyond which N addition becomes detrimental
for pollinators in various habitats.
Many studies use generalist pollinators, such as Apis
mellifera, as a study species. It is important to consider the
wider pollinator community, as some specialist pollinator
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functional groups or species may be more threatened by N
deposition. WallisDeVries and van Swaay (2017) developed
an N index for butterflies based on host plants, which illustrates the species that have been most impacted by N deposition and soil eutrophication. It may be possible to develop
similar indices to help forecast the effect of atmospheric N
deposition on other pollinators. There are oligolectic bee
species with narrow diet breadths, such as Chelostoma sp.
(Sedivy et al. 2008; Denisow and Wrzesień 2015), and longtongued bumblebees with identifiable key forage plants.
However, most bee species forage relatively opportunistically, which complicates the development of an N-sensitivity
index encompassing all bee species. Given the inconsistency of responses to increasing soil N between plant species
across the range of processes discussed above, it is likely
that whether N additions lead to a net positive or negative
response of pollinators will be dependent on specific plant/
invertebrate assemblages. Developing a predictive framework will, therefore, require network analyses of plant–pollinator interactions along a soil fertility gradient as opposed to
correlative models of total pollinator abundance or diversity.

traits to more accurately determine the overall impact to
insect pollinators.
If we combine this with an improved understanding of
inter-specific variation, we can synthesise knowledge of various botanical traits and botanical taxa. We can then more
accurately forecast how N addition alters plant communities for prospective pollinating insects. It would be useful to
incorporate knowledge of nectar and pollen chemistry into
our understanding of the compositional changes in botanical
species, to reflect the actual changes of nutritional resources
in an affected plant community. For example, Taraxacum
officinale agg. is N-tolerant and is popularly visited by
insects for nectar and pollen. However, an increase in T.
officinale at the expense of other flowering plants is not
necessarily beneficial; its pollen is lacking in key amino
acids and bee larvae cannot survive on it alone (Roulston
and Cane 2000; Génissel et al. 2002). By understanding the
responses of plants to N addition across taxa and traits, and
synthesising this knowledge, we can more accurately understand the impact to pollinators.

Inter‑specific variation and the synthesis
of botanical traits

Biotic interactions

Research into how soil N affects relevant botanical traits,
including flowering phenology and, especially, nectar and
pollen chemistry are lacking (Nijssen et al. 2017), making
it difficult to understand the impacts of N additions to pollinators. This task is further confounded by the inter-species
variation found for these traits, evidenced through the studies to date. Many experiments so far have used individual
study species, and therefore we lack enough data to be able
to understand the mechanistic reasons for these species-specific responses. Further field studies incorporating a range
of botanical taxa can help to address this knowledge gap.
Life-history traits of plants, such as annuality and perenniality, or N-preferences as denoted by Ellenberg N values
(Hill 1999), may offer a predictive tool for the responses
of botanical traits (Burkle and Irwin 2009a). Developing
our understanding of inter-specific response variation will
enhance our ability to forecast how ecosystems will respond
to N addition.
To understand the overall impact of soil N on pollinator
communities, we need to synthesise our understanding of
the various botanical traits. This will improve the real-world
applicability of research. For example, increased floral production and nectar secretion are beneficial responses for pollinators, but this may be completely negated, and the overall
response detrimental, if the botanical species declines, if
flowering phenology is dramatically shifted, or if production of toxic defensive compounds becomes excessive. When
possible, future research should focus on a suite of botanical

A key impact of atmospheric N deposition or the addition of
fertilisers is the changing dynamics of botanical competition
for increased nutritional resources. The interactions of plants
as they compete for resources can also be a factor that affects
floral and nectar traits (Baude et al. 2011). Therefore, field
studies, or at least potted experiments that are representative
of realistic botanical communities, will more reliably depict
how plants respond to N addition. Studies of individual species might help to address general knowledge gaps in the
subject, but we cannot be certain of the real-world applicability of these results without incorporating the effect of
plant competition dynamics.
Soil biota and herbivores are affected by N deposition
and impacts to these groups may have effects on pollinators.
Below-ground biota and processes affect floral traits, and can
alter pollinator visitation in a variety of ways (Scheu 2001;
Barber and Soper Gorden 2014). Again, the responses of
nectar and pollen chemistry are understudied; Barber and
Soper Gordon (2014) note that little research has investigated the effect of soil biota on the nutritional value of floral rewards. Herbivory, which can be influenced by soil N
(Phoenix et al. 2012), can also affect pollination, generally
by reducing the attractiveness of plants (A’Bear et al. 2014).
The effects of atmospheric N deposition on ecosystems are
complex, involving indirect interactions amongst trophic
and functional groups of organisms. Therefore, synthesis
of research into how N affects rhizosphere, plants, and herbivory would better inform our understanding of how N
deposition affects pollinators.
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Abiotic interactions
Future environmental scenarios will involve a complex
system of multiple drivers. Studies have shown that aspects
of climate change can act interactively with fertiliser use
strategies, with the strength and direction of the interaction varying between studies (de Chazal and Rounsevell
2009). Atmospheric N deposition is only a single driver of
global environmental change and will not necessarily act
alone (Tylianakis et al. 2008; Burkle and Alarcon 2011;
González-Varo et al. 2013). Realistically, an ecosystem
will experience N deposition alongside increased atmospheric CO2 and a changing climate. Evidence shows these
drivers can act interactively to alter botanical traits differently than when acting individually (Cleland et al. 2006;
Tylianakis et al. 2008; Hoover et al. 2012). For example,
although climate warming is known to accelerate flowering phenology of many plant species (Fitter et al. 1995;
Thórhallsdóttir 1998; Miller-Rushing and Primack 2008),
the response can also be affected by soil N (Cleland et al.
2006, Hoover et al. 2012). Excessive soil N enrichment
can exacerbate the stress plants experience from climatic
events such as draughts and severe frost (Phoenix et al.
2012). If these events increase in frequency with future
climate change, plants may suffer further.
Our knowledge of the impacts of N deposition on pollinators is patchy. While studies that consider the effects
of N are important and required, we should consider that
botanical responses can be intensified or dampened by other
drivers of environmental change. Research that addresses the
combined effect of these drivers of environmental change are
necessary to more clearly understand how pollinator communities will be affected in the future.
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