
Agriculture, Ecosystems and Environment 339 (2022) 108137

Available online 24 August 2022
0167-8809/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Landscape epidemiology of an insect-vectored plant-pathogenic bacterium: 
Candidatus Liberibacter solanacearum in carrots in Finland 

Anne I. Nissinen a,*, Lauri Jauhiainen b, Hannu Ojanen a, Minna Haapalainen c, Atro Virtanen d, 
Wopke van der Werf e 

a Natural Resources Institute Finland (Luke), Production Systems, Tietotie, FI-31600 Jokioinen, Finland 
b Natural Resources Institute Finland (Luke), Natural Resources, Tietotie, FI-31600 Jokioinen, Finland 
c Department of Agricultural Sciences, University of Helsinki, P.O. Box 27, FI-00014, Finland 
d Finnish Food Authority, P.O. Box 100, FI-00027, Finland 
e Wageningen University, Centre for Crop Systems Analysis, P.O. Box 430, 6700 AK Wageningen, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Logistic model 
Landscape connectedness 
Trioza apicalis 
Picea abies 
Daucus carota 
Soil type 

A B S T R A C T   

Crop diseases may be affected by landscape composition, but limited quantitative information is available. We 
studied the effects of landscape factors on the incidence of the psyllid-transmitted bacterium Candidatus Lib-
eribacter solanacearum (CLso) haplotype C in carrots in Finland. Samples were collected from 104 carrot fields in 
2013 and 2014. The relationship between CLso incidence and landscape data was analysed using logistic 
regression. The probability of CLso infection significantly increased with increasing area of carrot cultivation, up 
to a 10 km radius. Spruce biomass (spruce is the winter shelter of the main vector, Trioza apicalis,) within 200 m 
distance from the field edges affected CLso infection in landscapes with a low to medium area proportion of 
carrot cultivation but not in landscapes with a high proportion of carrot fields. Disease incidence was higher on 
clay soils than on mineral soils. The findings illustrate the importance of movement of the vector between carrot 
and spruce and highlight this disease as a landscape-scale disease syndrome, which needs to be managed also at 
the landscape level. Moderating the proportion of carrot fields in a carrot production landscape could be a key to 
manage the disease by breaking the epidemic cycle at the landscape level.   

1. Introduction 

Disease management in agricultural systems is often regarded as a 
field level activity and responsibility of individual growers. However, it 
is also well-known that landscape variables (later referred as factors), 
such as the occurrence of overwintering disease reservoirs, have a large 
effect on disease occurrence (Plantegenest et al., 2007). Therefore, ac-
tions of different growers are not independent of one another, and thus 
an area-wide coordinated response may be needed for effective disease 
control (Parsa et al., 2014; Schneider et al., 2021). While there is an 
extensive literature on the existence of landscape effects on crop dis-
eases, few studies measure the size and spatial range of the landscape 
effect. The scarcity of quantitative data on landscape effects on crop 
diseases contrasts with the many studies that have been conducted to 
measure and further model landscape effects on the biological control of 
invertebrate pests in agriculture (e.g. Alexandridis et al., 2021). Insight 
into landscape effects on crop diseases is required to enable landscape 

management to control diseases and motivate stakeholders to consider 
landscape level management options. Landscape management may help 
to reach a key target of the European agricultural policy: to reduce the 
use of chemical pesticides (European Commission, 2020). 

The economic impacts of insect-vectored bacterial diseases are 
increasing worldwide (Perilla-Henao and Casteel, 2016). These diseases 
include citrus Huanglongbing, caused by several species within the 
genus Candidatus Liberibacter, and vectored by psyllid vectors such as 
Diaphorina citri and Trioza erytreae (Bove, 2006; Dala-Paula et al., 2019), 
and the diseases caused by Xylella fastidiosa, (e.g. the pauca strain 
causing dieback of olive trees) (Schneider et al., 2020). Such 
insect-transmitted plant pathogens may extend their geographic range 
towards currently cooler regions under climate change (Boland et al., 
2004; Juroszek and von Tiedemann, 2013; Roos et al., 2011). As the 
dispersal of these pathogens is dependent on the movement of the vec-
tor, it is important to know the spatial range of the vector movement. 
Some studies of landscape effects on aphid-virus interactions, virus 
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dispersal and control are available (e.g. Angelella et al., 2016; Claflin 
et al., 2017; Pleydell et al., 2018), however, there are few studies on 
psyllids, psyllid-transmitted bacteria and movement of the psyllid vec-
tors (Gutiérrez Illán et al., 2020; Thébaud et al., 2009). Despite the large 
and growing economic relevance of plant pathogenic bacteria, there is 
overall little information on the spatial scale of movement of their 
vectors. 

Candidatus Liberibacter solanacearum (CLso) is a psyllid- 
transmitted, non-culturable α-proteobacterium that causes serious 
physiological disorders in several solanaceous and apiaceous plants 
(Munyaneza, 2012; Alfaro-Fernández et al., 2017). Haplotypes C, D and 
E of this pathogen are associated with apiaceous crops in Europe, pri-
marily carrots, but also including celery (Apium graveolens), parsley 
(Petroselinum crispum), and parsnip (Pastinaca sativa subsp. sativa) 
(Munyaneza et al., 2010a; Alfaro-Fernández et al., 2017). Haplotypes D 
and E are transmitted by the psyllid B. trigonica in the Mediterranean 
countries (Teresani et al., 2014; Antolinez et al., 2017a; b). Haplotype C 
was first detected in carrots and carrot psyllids in Finland (Munyaneza 
et al., 2010a; b) and is transmitted by the psyllid Trioza apicalis (Nissinen 
et al., 2014). CLso haplotypes A and B are associated with diseases on 
several solanaceous crops in which they are transmitted by the psyllid 
Bactericera cockerelli (Munyaneza, 2012). These two haplotypes and 
their vector do not occur in Europe. 

CLso has been detected in carrot seed (Bertolini et al., 2015; Monger 
and Jeffries, 2017), but while one study reported transmission from the 
seed to the seedling (Bertolini et al., 2015), other studies have not 
confirmed this finding (Loiseau et al., 2017; Carminati et al., 2019; 
Nissinen et al., 2021), indicating that seeds, even if infected, are not an 
important source of infection of seedlings in the field (Nissinen et al., 
2021). 

Psyllids have been shown to transmit CLso from carrot to carrot 
(Antolinez et al., 2017a; b). CLso is transmitted by psyllids in a 
propagative-circulative manner, i.e. the bacteria replicate and systemi-
cally colonize the vector insect tissues prior to transmission via salivary 
glands (Cicero et al., 2017). In one region of Finland, CLso was found in 
over 60% of field-collected T. apicalis (Nissinen et al., 2014). Further-
more, field surveys in Finland in 2011–2014 suggested that CLso was 
established in several regions, which in turn suggested that this bacte-
rium may be capable of overwintering in T. apicalis (Haapalainen et al., 
2017). Overwintering of Candidatus Phytoplasma spp. in their psyllid 
vectors (Cacopsylla sp.) has been previously observed (Candian et al., 
2020; Thébaud et al., 2009). A recent analysis of spatial and temporal 
dynamics of CLso infection and of T. apicalis feeding damage in the field 
in Finland supports the theory that primary infections are vector-borne 
(Nissinen et al., 2021). 

Carrot psyllid, T. apicalis, is a univoltine species, which overwinters 
as adults on Norway spruce (Picea abies) (Rygg, 1977; Valterová et al., 
1997; Kristoffersen and Anderbrant, 2007), because carrots do not sur-
vive over the winter in the Nordic conditions (Rygg, 1977). However, 
overwintering on conifers is also widely known among other psyllid 
species. The T. apicalis adults migrate from their overwintering sites to 
carrots in late May or early June (Laská, 1974; Rygg, 1977; Tiilikkala 
et al., 1996). The eggs are laid on carrot leaves, and the highest numbers 
of nymphs are observed in the middle of August. Thereafter, the emer-
gence of new adults starts, and these adults move to spruce in the 
autumn (Rygg, 1977). These adults disperse back to carrot next spring, 
providing a pathway for transmission of CLso from one carrot field to 
another, if the bacteria are maintained within the vector over winter. 
Previously, retention and even increase of ‘Candidatus Phytoplasma 
prunorum’ in its host-alternating psyllid vector, Cacopsylla pruni, was 
shown during the overwintering period on conifers (Thébaud et al., 
2009). Overwintering bacteriferous T. apicalis are a plausible pathway 
for bridging the gap between carrot crops in subsequent years. However, 
the distance of movement and the flight capacity of the T. apicalis are not 
precisely known. Results from a previous inventory of overwintering 
sites suggest that the maximum dispersal distance is at least 1 km 

(Kristoffersen and Anderbrant, 2007). 
T. apicalis has been recorded as a carrot pest for approximately 100 

years in Finland, Sweden, Norway, and Germany (Lundblad, 1929; Bey, 
1931; Tiilikkala et al., 1996; Rygg, 1977), and for several decades in the 
Czech Republic and Switzerland (Láska, 1974; Burckhardt and Freuler, 
2000). The geographical distribution of T. apicalis is even wider, 
including Denmark and the UK (Ossiannilsson, 1992), however, in 
Denmark there are no reports of psyllid damages in carrot since the early 
1900s (Rostrup, 1921) and in the UK this psyllid is a rare species. Most 
forests in the Denmark and UK consist of broadleaved tree species that 
are not suitable for overwintering of T. apicalis (Rygg, 1977). This may 
suggest that finding suitable overwintering sites at a reachable distance 
from the summer host is a crucial factor for the build-up of T. apicalis 
populations and subsequent plant health problems associated with CLso 
in apiaceous crop species. The severity of carrot psyllid damage in car-
rots has increased in Finland and in Norway over the last two decades 
(Munyaneza et al., 2014; Nissinen et al., 2020). Climate change can 
enhance the disease development in the fields as CLso titres in carrots 
increase with temperature (Nissinen et al., 2021). However, it is un-
known whether the occurrence of CLso in carrot fields is related to 
landscape factors, such as the proximity of other carrot fields or the 
proximity of winter shelter plants like spruce trees. 

Finding spatial relationships at the landscape level might provide an 
explanation for the current severity of CLso in Finland, and it might also 
provide clues for disease management. Finding solutions for manage-
ment is critical because rapid damage formation caused by T. apicalis, 
and heavy reliance on pyrethroids for several decades have driven carrot 
growers to spray insecticides for vector control at ever shorter intervals, 
down to three days between sprays, creating a situation that is consid-
ered environmentally unsustainable and unprofitable. 

The aim of this study was to quantify landscape effects on CLso 
occurrence in carrot fields. To determine the relationship between 
habitat connectedness for vectors and disease, the area of carrot fields 
was defined at different distances from the carrot fields evaluated for the 
presence of CLso in 2013–2014, as well as the amount of possible 
overwintering habitats in the surroundings of the fields based on GIS 
analyses from spatial databases. In addition, soil type of the carrot fields 
was taken into consideration, because of farmers’ reports that the psyllid 
damage is often concentrated in parts of the field with a higher clay 
content in the soil (personal communication A. Hyytiäinen 4 July 2016). 
Logistic regression was used to analyse this data as it concerned the 
probability of a binary event (CLso present /absent in a location) and a 
set of explanatory variables (Hastings et al., 2005). 

We tested the following hypotheses: 1) CLso incidence increases if 
carrot cultivation area increases, 2) the incidence increases if spruce 
branch biomass in the area increases, 3) the incidence increases if there 
is carrot as well as spruce in the area (interaction), 4) the incidence 
increases if the soil type is clay rather than sandy or organic (peat), 5) 
the incidence increases if the landscape has a long-term history of carrot 
cultivation, 6) the incidence varies by year and 7) the incidence is 
affected by the amount of deciduous trees in the area. 

2. Materials and methods 

The occurrence of CLso infection in carrots was studied in 104 
randomly selected carrot fields on commercial farms in all the main 
carrot cultivation areas of Finland in 2013–2014: 77 fields were selected 
in 2013 and 27 different fields in 2014 (Appendix A.1). Each of the fields 
was classified as infested with CLso or not infested with CLso. To check 
for presence of CLso, in each field, samples of four plants from three 
foliar symptom categories were collected: plants with no signs of the 
vector or the bacterium, plants with leaf-curling symptoms (indicating 
vector presence) but no leaf discoloration, and plants with leaf-curling 
symptoms and discolouration indicating potential infection with CLso 
(Haapalainen et al., 2017). If fewer than four plants with symptoms of 
each category were found, only those plants were collected. If no foliar 
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symptoms of insect feeding or infection with CLso were observed during 
the survey of the field, only four symptomless plants were collected. The 
carrot samples were tested for presence of CLso by conventional PCR 
assay with primers OA2 and Lsc2, as described previously (Liefting et al., 
2009; Haapalainen et al., 2017). We classified a field as "positive" if any 
of the collected plants gave a positive PCR result and as negative if no 
CLso was detected. 

We used logistic regression to analyse the data because the data 
represent independent binary responses (no disease/disease), and fields 
were assumed to be spatially independent (i.e. they were spread over a 
large area). In the logistic model the probability for disease follows the 
equation: 

ln
(

p
1− p

)
= β0 + β1x1 +β2x2 +β3x3 +β4x4 +β5x5 where p is the proba-

bility a field is found infected given the values of five predictor variables 
xi and six parameters β0 − β5. These five predictor variables were (1) 
carrot area in the landscape around the field; (2) year (2013 as refer-
ence; parameter indicates the effect of 2014 relative to 2013); (3) 
biomass of branches of conifer trees in the landscape around the field; 
(4) biomass of branches of deciduous trees in the landscape around the 
field; and (5) soil type (details provided below). The model assumes a 
linear relationship between the predictor variables (x1…x5) and the 

response (p), using a logit-link function, i.e. ln
(

p
1− p

)
. 

The first predictor variable, carrot cultivation intensity (the number 
of carrot fields and their total area) in the surroundings of each field in 
the previous year, was calculated using data from the Finnish Food 
Authority (Ruokavirasto) database (https://www.ruokavirasto.fi/tie-
toa-meista/avointieto/tiedonluovutukset/peltolohkoaineisto/). To 
explore the distance over which carrot cultivation exerts an influence on 
CLso incidence in the following year, carrot cultivation intensity was 
quantified within radii of 500 m, 1 km, 2 km, 3 km, 4 km, 5 km and 
10 km from the centre of each field in each year. The predictive power of 
regressions for different landscape radii was compared. The number of 
carrot cultivation years since 2006 in each field was calculated from the 
same database and used as an alternative rather than an extra regressor 
because of high correlation of this variable with the area proportion of 
carrot in the landscape (r = 0.61, 0.91, 0.89, 0.89, 0.91, 0.92 and 0.93 
for radii 0.5, 1, 2, 3, 4, 5 and 10 km, respectively; P < 0.001). The 
second predictor variable, biomass of Norway spruce branches, was also 

quantified at radii of 500 m, 1 km, 2 km, 3 km, 4 km, 5 km, 10 km radii 
from the centre of each field as well as from the same distance from the 
field edges (Fig. 1). These data were calculated from the Finnish multi- 
source forest inventory database (https://kartta.luke.fi/index-en.html) 
using ArcGIS Pro. The branch biomass was used instead of trunk 
biomass, since the psyllids overwinter at the base of the needles (33), i.e. 
the branch biomass represent better the availability of overwintering 
sites. As a third predictor variable, the branch biomass of deciduous 
trees within radii of 100 m, 200 m, 500 m, 1 km and 2 km from the field 
edges was calculated. Finally, soil types at the centre of each field were 
received from the Geological Survey of Finland́s spatial database su-
perficial deposits of Finland 1:200 000 (sediment polygon) (https:// 
hakku.gtk.fi/en/locations/search). Soil types in the fields were classi-
fied in three classes: organic soil (thin or deep peat layer, 23 fields), clay 
(11 fields) and moraine deposits (coarse and fine-grained sediments 
without clay, 70 fields). 

In the first analysis step, we analysed the relationship between the 
incidence of CLso and the carrot cultivation intensity in the preceding 
year. We considered two variables to express the intensity: number of 
carrot fields and total carrot area, and considered seven different radii, 
for a total of 14 analyses. In addition to the metric for carrot intensity, 
the year of measurement was included as a categorical variable: 

ln
(

p
1 − p

)

= β0 + β1x1 + β2x2  

Where β0 is the intercept, x1 is the intensity within the considered radius 
(either area in hectares or number of fields), and x2 is a categorical 
variable for year (x2 = 0 for 2013 and x2 = 1 for 2014). Different values 
of x1 were used for different scales (i.e. values of x1 increased when 
radius increased, and unit of measurement for area and numbers of fields 
are not the same). 

In the second analysis step, different proxies for spruce branch 
biomass were added to the model, as well as the biomass of spruce 
branches-by-carrot cultivation interaction, carrot cultivation years since 
2006 and soil type (clay soils, coarse mineral soils, and organic soils). 
Carrot cultivation years since 2006 and biomass of spruce branches-by- 
carrot cultivation interaction were not included in the final model 
because their effects were not statistically significant. In addition, the 
number of carrot cultivation years since 2006 was correlated with carrot 

Fig. 1. Illustration of two landscapes differing in the amount of spruce branch biomass in a radius of 500 m from the edges of a carrot field inspected for the 
occurrence of Candidatus Liberibacter solanacearum. The landscape in A) had a high biomass of spruce branches while the landscape in B) had a low spruce tree 
biomass in the surroundings of the carrot field. 
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cultivation intensity in the landscape, resulting in a multicollinearity 
problem. 

As a third step, we explored whether the best model found in the 
second step can be improved by adding the effect of the biomass of 
deciduous tree branches to the previously defined best models at 
different scales. We thereby found a high correlation between the 
biomass of Norway spruce and deciduous tree branches. Finally soil type 
was added as a categorical predictor. 

Results of the finally estimated models are presented as odds ratios 
(OR) associated with a change in an independent variable. The ‘odds’ of 
an event are defined as the probability of the outcome event occurring 
divided by the probability of the event not occurring. Now the event is 
the incidence of CLso. An ‘odds ratio’ is one set of odds divided by 
another. If the value of the estimated parameter is bi, the odds of CLso is 
increased by a factor exp(bi) if xi is increased by one unit. If a positive 
relationship was found, the odds ratio will be larger than 1, indicating 
that the probability of CLso in the field is increased. If the 95% confi-
dence interval of the OR does not include the value of 1.00, a statistically 
significant positive relationship for occurrence of CLso is indicated. 
Models were fitted using SAS procedure LOGISTIC (SAS, 2013). 

3. Results 

The relationship between the incidence of CLso in a focal field and 
the area of carrot cultivation in the landscape around that field in the 
previous year was significant (P < 0.05) or highly significant 
(P < 0.001) at the larger scales, from 3 km upwards, but not at smaller 
scales of 3 km or less (Table 1), indicating that CLso is more prevalent in 
landscapes with widespread carrot cultivation. Likewise, strong re-
lationships were found between CLso incidence and the number of 
carrot fields in the wider area (within 3–10 km). 

The interaction between the biomass of spruce branches and the area 
of carrot cultivation was not statistically significant at any combination 
of scales (p > 0.10 always), and therefore only the main effects were 
further explored. The area of carrot cultivation and the number of carrot 
fields were compared to find the better predictor. The models with area 
of carrot cultivation had the higher log likelihood as compared to 
models with number of carrot fields (e.g. for a radius of 5 km: − 6.8 vs. 
− 9.5) and carrot cultivation area was therefore used for further model 
estimation. The estimated probability, p̂, for the CLso intensity variable 
in relation to total cropping area within 5 km is illustrated in Fig. 2 A. 
Parameter values for the fitted model are: b0 = − 0.3522 ± 0.7238 
(intercept), b1 = 0.0676 ± 0.0234 (P < 0.01) (effect of carrot area), and 
b2 = 0.5561 ± 0.2651 (P < 0.04) (2014 vs 2013). Model fit confirmed 
that CLso incidence increases with the cultivation intensity of carrot in 
the preceding year. This landscape effect extended over a large distance, 
and is estimable at distances up to 10 km. 

The effect of spruce branch biomass nearby the carrot fields was 
tested by adding biomass calculated at radii of 100 m, 200 m, 500 m, 
1 km and 2 km from the field edges and at radii of 500 m, 1 km, 2 km, 
3 km, 4 km, 5 km, 10 km from the middle point of each field (i.e. using 
the same spatial scales as for the carrot cultivation area). The biomass 
within 200 m distance from the field edges was the best explanatory 

variable (Table 2). 
CLso incidence increased as spruce branch biomass increased in the 

surroundings of the field. The increase due to spruce in the area was 
particularly relevant if the carrot area in the surroundings was low or 
moderate (Fig. 2B,C). When the carrot cultivation area in the sur-
roundings of the fields was high (Fig. 2D), adding the spruce branch 
biomass to the model did not increase the estimated probability of CLso 
by much because the probability was already very high (0.8–0.9), even if 
the branch biomass dropped to zero. 

The difference in CLso incidence between coarse mineral soils and 
peat soils was not significant (OR 1.22, 95%CI 0.36–4.14). However, the 
difference between clay and peat soils was significant at a level of 5% 
(OR 8.56, 95%CI 1.03–75.46), which supports the fourth hypothesis: 
CLso incidence increased if the soil type was clayey rather than peaty. 
The difference between clay and coarse mineral soil was marginally 
significant (OR 7.00, 95%CI 0.67–73.07). 

In the third step of analysis, biomass of deciduous trees was added to 
the model to test the expectation that deciduous trees would not be 
related to CLso incidence because the vector psyllid T. apicalis does not 
overwinter on them. Biomass of deciduous trees had statistically a 
marginally significant effect (P = 0.06–0.09), depending on the radius 
at which the biomass was calculated from the field edges, and CLso 
occurrence decreased with increasing biomass of deciduous trees near 
the carrot field. At the same time, the effect of biomass of spruce 
branches, also included in the model, almost doubled. These two 
biomass variables are highly correlated (Spearman’s rank-order corre-
lation coefficient: r = 0.77, P < 0.001) and thus the separate effects of 
spruce and deciduous trees could not be identified from the dataset due 
to collinearity. After removing the biomass of spruce branches from the 
model, the biomass of deciduous trees did not have a significant effect 
(P = 0.82), but without deciduous trees in the model, spruce had a 
significant effect. These results indicated that the biomass of deciduous 
trees did not have a biologically meaningful relationship with CLso 
occurrence and therefore the effect was removed from the model in 
agreement with the initial hypothesis that deciduous trees do not affect 
the incidence of CLso. 

In conclusion, the probability of CLso infection significantly 
increased with increasing area of carrot cultivation area, up to a 10 km 
radius. Further, spruce biomass within 200 m distance from the field 
edges affected CLso infection in landscapes with a low to medium area 
proportion of carrot cultivation. Disease incidence was higher on clay 
soils than on mineral or peaty soils. 

4. Discussion 

Results of this data analysis show that the incidence of CLso in carrot 
fields is related to two landscape factors: the carrot cultivation area in 
the previous year up to 10 km radius and the biomass of spruce branches 
in the surroundings of the field, which indicates the importance of 
connectivity in the landscape. The relationship of CLso with both the 
prevalence of the host plant, carrot, and the winter shelter plant of the 
vector T. apicalis indicates that the pathogen is circulating within the 
landscapes between the carrot crops via the vector which overwinters on 

Table 1 
Odds ratios (OR) for the carrot cultivation area and the number of carrot fields at different distances from the inspected fields. If OR> 1% and 95% confidence interval 
did not include a value of 1.00, a statistically significant positive relationship for occurrence of ‘Candidatus Liberibacter solanacearum’ was found.   

The area of carrot fields The number of carrot fields 

radius OR* 95%L 95%U P-value OR 95%L 95%U P-value 
500 m 0.96 0.85 1.08 0.50 1.21 0.81 1.79 0.35 
1 km 0.98 0.89 1.07 0.60 1.04 0.84 1.28 0.71 
2 km 1.03 0.97 1.09 0.41 1.13 0.96 1.32 0.15 
3 km 1.05 1.00 1.10 0.04 1.19 1.05 1.34 < 0.01 
4 km 1.07 1.02 1.11 < 0.01 1.23 1.10 1.37 < 0.001 
5 km 1.07 1.03 1.11 < 0.01 1.22 1.10 1.34 < 0.001 
10 km 1.07 1.04 1.10 < 0.001 1.18 1.10 1.27 < 0.001  
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spruce. The psyllids multiply on carrot and the bacteria multiply in the 
carrot and in the psyllids, which then overwinter on the spruce trees and 
the next year colonize newly sown carrot fields. The carrot cultivation 
area had a significant effect on CLso incidence at distances from 3 km to 
10 km, but not at shorter distances from the focal field. The wideness of 
the area within which the significant effects were found may suggest 

that the vector can move several kilometres between the winter shelter 
plant (spruce) and the summer host (carrot). It may also indicate that the 
effect of carrot cultivation proportion becomes particularly important 
for the circulation of CLso in landscapes if carrot is grown on a high 
proportion of a large area, where an increase in spruce branch biomass 
did not further increase the probability of CLso occurrence in carrot 
fields. This suggests that carrot cultivation area determines the land-
scape level cycling of the pathogen. This is plausible as smaller areas of 
carrot cultivation surrounded by greater areas without carrot may 
experience more "spill-over" of bacteriferous vectors without sufficient 
bacteriferous vectors returning (cf. Skelsey et al., 2005). The small scale 
of the effect of spruce branch mass seems at odds with the much wider 
scale at which carrot cultivation affects CLso. The difference in the 
spatial scale of the carrot and spruce effects may be related to differences 
in the spatial pattern of carrots and spruce in Finland. The carrots are 
distributed in pockets of arable land that occur as islands in areas that 
have high coverage of spruce. Thus, the carrot in the landscape is the 
true limiting factor for the disease occurring. On the other hand, spruce 
is available anywhere in Finland, and its influence on CLso is mainly 

Fig. 2. Observed and fitted incidence (presence/absence) of Candidatus Liberibacter solanacearum in carrots A) in relation to the total cultivation area (ha) of carrot 
within a 5 km radius around the field centre in the preceding year and for the average spruce branch mass within 200 m from the edges of the field, and in relation to 
the total spruce branch mass within 200 m from the edges of the field parcels, when the surrounding carrot area is B) 5 ha, C) 15 ha, or D) 45 ha. Black data points 
and the black fitted line are for 2013 while red points and the red fitted line are for 2014. Each data point represents a single field. The fitted lines in each panels B-D 
take into account the different areas of carrot production in the preceding year and its effect on CLso incidence. The dotted part of the line is based only on a few 
observations. 

Table 2 
Odds ratios (OR) for the effect of spruce branch biomass at different distances 
from the inspected fields on the incidence of CLso. Significant effects were found 
at all distances from the edge of the focal fields except the shortest of 100 m, 
indicating landscape scale effects of Norway spruce on the incidence of CLso.   

Branch biomass   

radius of circles OR* 95%L 95%U P-value 
100 m 1.18 0.95 1.47 0.14 
200 m 1.24 1.06 1.44 < 0.01 
500 m 1.03 1.01 1.06 0.02 
1 km 1.01 1.00 1.02 0.04 
2 km 1.00 1.00 1.01 0.03  
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when there are a lot of spruce really close to the field. Finally, the large 
scale of the carrot effect can also be a statistical phenomenon in the 
sense that carrot cultivation area over a bigger landscape circle gives a 
more robust estimate of carrot prevalence in an area than carrot culti-
vation area in a smaller circle around the local field. More work is 
needed to further elucidate the mechanisms underlying the differences 
in spatial scale of the effects of carrot area and spruce branch mass. 

The flight capacity of T. apicalis is not well known. However, in a 
previous study we found substantial differences in psyllid pressure be-
tween carrot fields (Haapalainen et al., 2018a). Psyllid pressure dropped 
close to zero within 7 kilometres distance from the field with the highest 
psyllid density. In comparison, another psyllid species, Diaphorina citri, 
the vector of citrus greening (Huanglongbing), is capable of flying 2 km 
in search for necessary resources (Lewis-Rosenblum et al., 2015). 
Dispersal of D. citri was observed up to 2.3 km in a dense forest in 
Florida, and the maximum flight duration of D. citri was consistent with 
a flight distance of 2.4 km (Martini et al., 2013, 2014). 

In an inventory of overwintering sites, the highest numbers of 
T. apicalis in conifer trees were found within 250 m from carrot fields, 
indicating that the psyllids colonizing the spruce trees were most likely 
from the nearby carrot fields (Kristoffersen and Anderbrant, 2007). The 
observations in this study and in a Swedish study (Kristoffersen and 
Anderbrant, 2007) suggest that T. apicalis migrate short distances from 
their summer host to winter shelter plants. In Switzerland, the autumn 
migration of T. apicalis continued up to November (Burckhardt and 
Freuler, 2000). Personal observations by Nissinen suggest that the 
autumn migration from carrots to spruce can continue until October in 
Finland. This, in turn, may suggest that low day time temperatures 
restrict the psyllids’ flight capacity to the overwintering sites. In line 
with this, during winter, evidence was found only of short distance flight 
of the Asian citrus psyllid, Diaphorina citri, (Hall and Hentz, 2011). In the 
case of T. apicalis, the carrot fields are situated at different distances 
from the overwintering sites in the following year, due to the crop 
rotation. Therefore, psyllids may have to search for the summer host 
over a greater distance than they flew in the autumn to the winter host, 
which may be facilitated by the higher day temperature during the 
summer migration (late May-July). This in turn may explain why the 
carrot cultivation area has a significant effect on the CLso occurrence 
within 3–10 km distance, while the spruce area is only significant up to 
200 m. 

The positive effect of the biomass of spruce in the landscape is in 
accordance with the previous observations of T. apicalis overwintering 
on conifers (Rygg, 1977; Valterová et al., 1997; Kristoffersen and 
Anderbrant, 2007), and it may explain why the populations of T. apicalis 
have so far not developed to damaging levels in Denmark and the UK, 
where the connectedness between carrot and spruce trees is lower than 
in Finland, Sweden and Norway. In Finland, finding overwintering sites 
is not a limiting factor in the carrot psyllid life cycle, because over 70% 
of the land area is covered by forests, and Norway spruce is one of the 
most common tree species, also in crop-dominated areas. 

Herbaceous seminatural habitat elements near the fields, such as 
ditch banks and road verges, were not quantified in this study, because 
previous studies showed that T. apicalis was not able to hibernate on 
herbaceous plants i.e. on carrots (Rygg, 1977) or on Poaceae (Valterová 
et al., 1997). Previously, CLso infection was found in some cow parsley 
plants (Haapalainen et al., 2018b). However, genetic studies revealed 
that CLso in cow parsley and the associated psyllid species, Trioza 
anthrisci, represent different strains than the bacteria in T. apicalis and in 
cultivated plants (Haapalainen et al., 2018b). Thus, T. apicalis and 
T. anthrisci form separate populations on their own host plants (Haa-
palainen et al., 2018b). 

Soil type had a significant effect on CLso occurrence, with CLso being 
more prevalent on clayey than peaty or mineral soils. This could be due 
to a slower early development of carrot in the heavier clay soils 
compared to sandy or organic soils which warm up more quickly in the 
spring. Smaller carrots are more prone to develop severe symptoms in 

response to psyllid feeding than larger carrot plants (Nissinen et al., 
2007, 2012) and the effect of the bacterial inoculum delivered by a 
psyllid is relatively greater in a smaller carrot. Similarly, yellowing vi-
ruses in sugarbeet are translocated to sink tissues, but leaves formed 
before the plant gets infected are not affected by the disease, making the 
plant more tolerant if it is affected at a later growth stage (De Koeijer and 
van der Werf, 1995). Furthermore, in the case of sugarbeet viruses, the 
spread within the field is greatly facilitated if the first (primary) in-
fections occur on young plants, because vectors build larger populations 
on younger plants than on older plants that exhibit mature plant resis-
tance (Williams et al., 1999). It is also likely that plant size affects vector 
movement in the canopy (Nemecek, 1993). 

Observations supporting these hypotheses have been previously 
done on potato with the psyllid Bactericera cockerelli and the American 
haplotypes of CLso. The most severe symptoms of zebra chip disease 
developed in plants exposed to the psyllids at an early growth stage, 
suggesting that the shoot structures may become less palatable for the 
potato psyllid feeding at the later growth stages (Gao et al., 2009). 
Furthermore, the amount of CLso transmitted to the plant by a psyllid 
can affect the plant response. The CLso titre varies largely between in-
dividual specimens of carrot psyllid, and in the carrot seedlings exposed 
to psyllids with low titre of CLso the bacterial multiplication was limited 
and the plants did not develop disease symptoms (Nissinen et al., 2014). 
Previously, potatoes exposed to potato psyllids bearing a low CLso titre 
were observed to express mild symptoms, in contrast to the lethal dis-
ease following exposure to psyllids with a high CLso titre (Alvarado 
et al., 2012). 

What lessons can be learned from this study for T. apicalis control? In 
Finland, forest areas are large, and forestry is an important sector of 
industry. Therefore, removing spruce trees from carrot growing land-
scapes is not an option for psyllid control. However, if the carrot growers 
own the land between the fields, they could benefit from planting de-
ciduous trees between the fields, i.e. increasing the distance from carrot 
field to the vectors’ overwintering sites. As the results of this study 
suggest, the vector T. apicalis may be capable of reaching the summer 
hosts up to 5–10 km distance from the overwintering sites. If the carrots 
are grown in a cluster of several farms, and high psyllid pressure 
frequently occurs, insect-excluding netting covering the crop is an 
effective control option, which efficiently prevents the spread of CLso 
(Nissinen et al., 2020). Another option could be regional crop rotation 
(Helenius, 1995), to interfere with the vector population growth by 
removing the summer host from an area in cycles of a few years. Such an 
approach may be difficult to achieve if the land in an area is owned by 
multiple farmers who would have to coordinate their carrot growing 
decisions. It might, however, be possible in contract production where 
the contractor can define the production area for each year. In line with 
this, the biggest carrot growers actively seek new fields in areas with no 
previous carrot cultivation history, to reduce the need for carrot psyllid 
control. 

Previously, in studies concerning pathosystem of Candidatus Phyto-
plasma prunorum and a host-alternating psyllid, Cacopsylla pruni, C. 
pruni showed lower infection rates on its summer host (Thébaud et al., 
2009)whereas, the vector transmission ability was at its peak after the 8 
months latent period i.e. when the psyllids returned from overwintering 
sites on conifers to Prunus spp. (Thébaud et al., 2009). C. pruni was found 
to migrate several kilometres from its summer hosts, Prunus spp., to 
overwintering sites on conifers in the mountains. These results suggest 
that overwintering hosts and migration have a high impact on the 
infectiveness of the vector (Thébaud et al., 2009). Similarly, a continued 
increase of ‘Candidatus Phytoplasma mali’ was observed in 
C. melanonuera during its stay on shelter plants and persistent infectivity 
without an intermediate reacquisition of the phytoplasma (Candian 
et al., 2020). Thébaud et al. (2009) suggest that this original trans-
mission cycle may exist among other univoltine psyllid species over-
wintering as adults on conifers, and indeed the above-mentioned 
pathosystems greatly resemble that of CLso and T. apicalis in northern 
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Europe. These examples may indicate that the time spent on over-
wintering hosts and migration impact the infectiveness of a psyllid 
vector bearing a bacterial plant pathogen. Therefore overwintering 
conditions of psyllid vectors should be studied to better understand the 
epidemiology of these pathosystems. Furthermore, disturbing the 
connectedness between psyllid vectors’ winter shelter plant and summer 
host could be an option to manage the pathogen dispersal. Regional crop 
rotation could break this connectedness for an annual crop, such as 
carrot, and studying the landscape epidemiology can provide the spatial 
scale at which the regional crop rotation should be managed. 

In line with our results, Bactericera cockerelli was previously found to 
be more abundant in landscapes with high host connectivity and low 
crop diversity (Gutiérrez Illán et al., 2020). High connectivity between 
different solanaceous crops and large natural areas which contain wild 
hosts used for overwintering can enhance populations of this vector 
(Gutiérrez Illán et al., 2020). In a broader context, the results of this 
study confirm the notion that low diversity landscapes promote the 
aggravation of pest and disease problems and a need for greater control 
measures, up to the point that such measures may no longer work, due to 
pesticide resistance. Indeed, some Finnish carrot growers are at the 
brink of giving up on carrots or dramatically changing their practices. 
The remedy is straightforward but difficult to attain: diversification. In 
several cases, it has been shown that increase in crop cultivation area in 
the surroundings increases abundance of pest insects (Hokkanen, 2000; 
Zaller et al., 2008; Lundblad et al., 2016). Also, pyrethroid resistance in 
pollen beetles was significantly affected by total proportion of oilseed 
rape in the region over a short term (Riggi et al., 2016). Therefore, a 
regional management program was suggested to control this problem 
(Riggi et al., 2016). Diversification would dilute the crop species in the 
wider landscape and thus make recolonization of a new crop after the 
winter less efficient for the same reason that intercrops mitigate plant 
disease epidemics due to host dilution (Zhu et al., 2000; Boudreau, 2013; 
Zhang et al., 2019). In line with this, O’Rourke and Jones (2011) 
observed that specialist insects were more affected by land use changes 
than generalists, and they predicted that landscape diversification will 
reduce insecticide use. However, achieving host dilution at the land-
scape level is challenging, because it negates the scale benefits attained 
when cropping practices are concentrated in the vicinity of the associ-
ated industries that are part of the same supply chain, a phenomenon 
known as agglomeration economies. Such agglomeration economies 
work up to the point where the concentration mechanism itself causes 
problems that can best be solved by diversification and spreading out 
(De Roest et al., 2018). Carrot growers in Finland are now moving into 
that direction. They diversify crop choice in areas with a history of 
carrots, they adapt their cropping practices (e.g. by use of 
insect-exclusion netting), and they spread out carrot cultivation over 
wider areas without a history of carrot cultivation and without a large 
reservoir of CLso. Similar remedies could be used elsewhere to overcome 
the devastating problems that find their origin in a lack of crop diversity 
at landscape level, promoting circulation of pests and pathogens. 
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