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Abstract Fusarium head blight (FHB), caused by the
plant pathogen Fusarium graminearum, is a significant
threat to small grains production worldwide. Additional
knowledge is required to clarify the influence of meteorological conditions on the release of ascospores of
F. graminearum. Here, a new application of causality
analysis is used to determine how meteorological conditions cause ascospore release. Two types of causality
analyses, convergent cross mapping and multivariate
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state space forecasting, were applied to field measurements of airborne ascospores of F. graminearum over
two years. Convergent cross mapping identified relative
humidity, solar radiation, wind speed, and air temperature as predictors of ascospore release. Multivariate state
space forecasting identified solar radiation and relative
humidity as effective predictors of ascospore release.
Increased concentration of ascospores in the atmosphere
primarily occurred during periods of high relative humidity, low solar radiation, and low wind speed. Results
from this study may assist producers in managing FHB
in small grains by narrowing the timing and application
of fungicides around major ascospore release intervals
predicted by meteorological conditions.
Keywords Fungus . Fusarium head blight . Bioaerosol .
Causality analysis . Convergent cross mapping . Disease
management . Fusarium graminearum . Multivariate
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Introduction
Fusarium head blight (FHB), produced by the fungus Fusarium graminearum Schwabe, caused damage to small grains yields in the UK (Jennings and
Turner 1996) and $3 billion of losses to wheat
production in the US alone between 1990 and
2000 (Windels 2000). Grain infected with F.
graminearum may contain mycotoxins
(Schollenberger et al. 2002) that threaten the health
of domestic animals and humans (McMullen and
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Stack 1983). The fungus forcibly discharges ascospores from perithecia produced from overwintered
residues of corn and small grains (Gilbert and
Fernando 2004; Paulitz 1999), and these ascospores
may be transported through the atmosphere over
long distances to susceptible crops (Prussin et al.
2015; Schmale et al. 2012). Prior studies have
suggested that the release of ascospores and FHB
epidemics are associated with light intensity and
spectral energy distribution (Trail et al. 2002), rainfall (Chen and Yuan 1984; Reis 1990; Gilbert and
Tekauz 2000), air temperature (Del Ponte et al.
2009; Sutton 1982), wind speed (Prussin et al.
2014b), and relative humidity (Paulitz 1996). A
complete understanding of the causal relationship,
in which one event is responsible for a second
event, between meteorological conditions and the
release of ascospores is needed to accurately predict
the spread of disease. Detecting causal relationships
in natural systems, however, is extremely challenging because of large variability, nonlinear dynamics, and confounding variables (Holling 2001).
A series of innovative and promising methods have
been developed to identify causation in weakly connected dynamic systems, such as ecological time series
(Sugihara et al. 2012; Deyle et al. 2013). These
methods, known collectively as causality analyses, have
been applied within the natural (Sugihara et al. 2012;
Deyle et al. 2013) and social sciences (Stern and Enflo
2013), but have not yet been applied to the field of plant
pathology. The application of causality analysis to plant
pathology has the potential to produce new insight into
the complex relationships underlying the epidemiology
of plant diseases. In contrast to regression analysis,
which can identify correlation but not causation, causality analysis is able to determine whether one variable
causes an effect on another variable and the direction of
the relationship.
The objective of this study was to determine which
meteorological variable(s) influence ascospore release
through causality analysis. This objective was based on
the hypothesis that meteorological variables (relative
humidity, solar radiation, and wind speed) are causal
agents for ascospore release. This hypothesis was tested
using convergent cross mapping analysis (Sugihara
et al. 2012; BozorgMagham et al. 2015) and multivariate state space forecasting (Deyle et al. 2013). Results
explicitly identified cause-and-effect agents and will
allow for more accurate representations of ascospore
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release in disease forecasting models. Ultimately, results
will enable growers of small grains to make
informed FHB management decisions based on meteorological predictors of ascospore release.

Materials and methods
Experimental data collection
Field-scale experiments with F. graminearum took place
in 2011 and 2012 at the Kentland Farm in Blacksburg,
Virginia and have been described previously by Prussin
et al. (2014a, b). Briefly, corn stalks were inoculated
with the strain Fg_Va_GPS13N4_3ADON and stored at
room temperature for approximately 10 weeks to permit
colonization of the stalks. After the fungus colonization
period, a 3716 m2 wheat field was artificially inoculated
with the infected stalks.
The timeline of measurements of airborne ascospore
concentration was designed to capture background conditions and the release of ascospores from the infected
field. In 2011, the field was inoculated on 2 May, and
measurements began 17 days later on 19 May and
continued until 3 June (15 days). In 2012, the field
was inoculated on 16 April, and measurements started
10 days later on 26 April and were completed on 14
May (18 days). The background concentration of ascospores was established in 2012 via hourly measurements
gathered for 7 days prior to artificial inoculation of the
field (measurements began on 9 April).
A volumetric, active ascospore sampler (Quest
Developments, Brits, South Africa) with a flow rate of
0.22 m3 h−1 was used to measure airborne ascospore
concentration as a function of time. The sampler was
installed at the center of the field and was outfitted with
a circular rotating disk coated with silicone grease to
collect ascospores released from the inoculum source.
The ascospores on the sample disks were stained using
Calberla’s Stain (Multidata Inc., Saint Louis Park,
Minnesota), and were counted under a microscope at
400× magnification. The concentration of ascospores
per cubic meter of air was calculated as the ascospore
collection rate divided by the ascospore sampler’s volumetric flow rate. The concentration was assumed to be
a proxy for ascospore release, as the measurement
height of 50 cm was well within the canopy, approximately half its height (Prussin et al. 2014b), where the
effects of dilution in the atmospheric boundary layer
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were considered to be minimal. A direct relationship
between ascospore release and capture was assumed,
as the effects of residence time within the canopy were
presumed to be negligible.
Meteorological data
A weather station was situated approximately 250 m
northwest and 350 m northwest from the center of the
inoculum source (i.e., the location of the Quest sampler)
in 2011 and 2012, respectively. It recorded air temperature (°C), soil temperature (°C), relative humidity (%),
rainfall (mm), wind speed (m s−1), and solar radiation
(W m−2). Absolute humidity was calculated using the
ideal gas law and the Magnus-Tetens approximation
(Bolton 1980). The 15-min records were averaged over
1-h intervals to match the temporal resolution of the
ascospore measurements.
Causality analyses
Convergent cross mapping
The convergent cross mapping (CCM) method
(Sugihara et al. 2012; BozorgMagham et al. 2015) was
used to investigate the relationship between ascospore
concentration and meteorological conditions. This
method is based loosely on a parent-child relationship.
Information associated with a driver (i.e., the parent) is
passed on to a response (i.e., the child). It is anticipated
that in examining characteristics of the response (i.e., the
child), attributes about a specific driver would be apparent. For our application, the driver was the meteorological variable of interest and the response was ascospore
concentration.
Time-lagged components (Abarbanel 1996; Takens
1981; Sauer et al. 1991) of ascospore concentration, the
response signal, were used to estimate the dynamics of
each meteorological variable, the candidate driver. An
improvement in the recovery of a meteorological variable shows that the variable has an influential causal
impact on ascospore concentration. The meteorological
observations were compared to the CCM-estimated meteorological values obtained using the time-lagged ascospore concentration, resulting in the calculation of a
Pearson correlation coefficient. The Pearson correlation
coefficient quantifies the strength between a
dynamically-connected set of variables. An average of
the Pearson correlation coefficients, over subsets of
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length L of the historical data sets, was obtained and
termed the convergent cross mapping coefficient, ρ.
Causality is indicated by a ρ value that often increases
with an increasing length of subset library length, L. A
thorough description of the creation of the reconstructed
phase spaces and determination of the CCM coefficient
can be found in Online Resource 1.
Multivariate state space forecasting
The meteorological variables determined as influential causal agents by the CCM method were
further analyzed using the multivariate state space
forecasting method. The multivariate state space
forecasting method (Deyle et al. 2013) is inspired
by a conceptual combination of the Granger causality method (Granger 1969) and the simplex
method (Farmer and Sidorowich 1987). The multivariate state space forecasting method aims to
improve the prediction of the ascospore concentration by leveraging the historical information of the
ascospore concentrations augmented by the information of the causal meteorological variables.
Predicted ascospore concentration was obtained
using single- variable (by exploiting only the past
information of ascospore concentration and without
using the causal meteorological data) and multivariable forecasting methods. The root mean square
(RMS) error, defined as the difference between the
experimentally-obtained ascospore concentration
and the forecasted ascospore concentration, was
determined for single variable and multivariate
forecasting methods. The improvement resulting
from the use of augmented information of the
causal meteorological data was quantified by
calculating the difference between the two RMS
error values. Statistical significance of the
improvement was studied for each augmented
meteorological variable (for example, temperature
and solar radiation). A thorough description of the
methodology used to create the reconstructed
phase spaces and the calculation of the RMS of
forecasting error is available in Online Resource
1.
Statistical analyses
Exploratory statistical analyses were conducted using
JMP Pro 10.0.2 (SAS Institute Inc., Cary, NC).

486

Statistical significance was defined at a level of 0.05 for
all analyses, unless specified otherwise. A two-sample
test for independent groups was conducted on ascospore
concentration in 2011 and 2012 to determine whether
the concentration differed between the two years. This
necessitated the use of a Welch’s t-test because the
standard deviations between the populations could not
be assumed to be approximately equal. Due to expected
differences in ascospore release during daytime v. nighttime, analysis of variance (ANOVA) was used to compare the means of daytime (0700 to 1900 local time,
EDT) and nighttime (1900 to 0700) ascospore concentration. The one-way ANOVA used periods of the day as
the treatment (categorical variables) with treatment
levels of daytime or nighttime.
A bivariate analysis of ascospore concentration
and individual meteorological variables was performed to determine if there were any significant
relationships. All meteorological variables analyzed
were continuous unless otherwise stated as nominal. In all correlation analyses, all data points were
included unless otherwise noted. A logarithmic
base-10 transformation of the ascospore data was
applied because of the skewed nature of the distribution. Simple linear regression was employed
to model the relationship between the continuous
response variable (ascospore concentration) and the
continuous predictor variable (meteorological
variables).

Results
Causality analysis
The CCM coefficient, ρ, between the candidate
driver (meteorological variables) and the response
signal (ascospore concentration) is shown in Fig. 1
(2011) and Fig. S1 (2012) (Online Resource 2);
results are similar between the two years. The
parameter ρ denotes the strength of the causal
relationship with a value of one indicating the
strongest causal relationship and lower values signifying a weaker relationship. The convergence of
ρ as L increased for air temperature, relative humidity, wind speed, and solar radiation indicated
that these four variables were the driving signals.
The clustering of ρ for large L for these variables
suggested that no single one was dominant. In
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Fig. 1 The CCM coefficient, ρ, between driver signals (meteorological variables) and response signals (ascospore concentration)
for the 2011 monitoring period. Solar radiation, relative humidity,
air temperature, and wind speed show CCM coefficients ρ that
increase significantly with increasing library length and are significantly greater than zero for the large library length. Thus, they are
the most important drivers influencing ascospore release

addition, soil temperature and absolute humidity
had the smallest influence on ascospore concentration.
The multivariate state space forecasting analysis was
performed considering a time difference of 0 to 8 h
between the meteorological and ascospore concentration
time series, such that the meteorological variable preceded the ascospore concentration signal. At each time step,
ascospore concentration was predicted for a 12 h lead
time. Forecasting began on 11 May 2012 at 0700 and was
performed for hourly intervals. Figure S2 (2012) (Online
Resource 2) shows one sample of the RMS of single
variable (solid line) and multivariate state space forecasting errors (dashed line). In this example the solar radiation signal, leading the ascospore concentration signal by
4 h, was considered as the augmented variable.
This study investigated whether the augmentation of
the meteorological variables significantly improved the
forecasting of ascospore concentration. A t-test was
applied between the RMS errors for each case. The null
hypothesis was that the RMS of errors of the multivariate and single variable forecasting results were identical
and the differences were random. Table S1 shows the
results of this analysis, where the cases that rejected the
null hypothesis are denoted by +1 if the forecast was
improved and −1 if the forecast was degenerated. Solar
radiation and relative humidity were among the most
influential external driving forces in this system.
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Absolute humidity, as the augmented variable, significantly changed the results, but degenerated the forecast.

Correlation analysis
Atmospheric ascospore concentration was significantly
higher after the introduction of inoculated corn stalks to
the field (P < 0.0001). In 2012, the average ascospore
concentration was 176 ascospores m−3 pre-inoculation and
3066 ascospores m−3 post-inoculation, indicating that a
great majority of the ascospores collected originated from
the inoculated field and not from background sources.
Atmospheric ascospore concentration varied by period
of the day in both 2011 and 2012. Analysis of variance
(ANOVA) was employed to determine whether the mean
daytime concentration (0700 to 1900 h) was significantly
different from the nighttime concentration (1900 to
0700 h). In 2011 (n = 352), the daytime ascospore concentration (mean ± standard error = 278 ± 2810 ascospores m−3) was significantly different (P < 0.0001) from
the nighttime ascospore concentration (15,509 ± 2747
ascospores m−3). In 2012 (n = 424), the mean concentration during the nighttime (5542 ± 523) was significantly
higher than during the daytime (524 ± 533).
Elevated ascospore concentrations occurred episodically; most of the time, concentrations were zero or
close to zero. Each ascospore event documented in the
field was categorized as either zero (0 ascospores), low
(between 1 and 4999 ascospores m−3), minor (between
5000 and 49,999 ascospores m−3), or major (≥ 50,000
ascospores m−3) (Table 1). In 2011, 90 % (37/41) of all
Bminor^ events and 100 % (12/12) of all Bmajor^ events
occurred during the nighttime hours. The results for
2012 were similar, with 98 % (64/65) of Bminor^ events

and 100 % (2/2) of Bmajor^ events occurring during the
nighttime hours.
Correlation analysis identified significant relationships between ascospore concentration and the
following: time of day, wind speed, solar radiation, air
temperature, relative humidity, and soil temperature in
both years. Results for absolute humidity, rainfall, and
soil temperature were not consistent between the two
years. However, due to pronounced issues with
heteroscedasticity following the log transformation, the
correlation results were indeterminate. There was no
rainfall during the field campaign in 2011, so analysis
of the relationship between rainfall and ascospore release was not possible.
There was a clear relationship between relative humidity and ascospore concentration (Fig. 2 (2011) and
Fig. S3 (2012)). The box plots for each nominal relative
humidity value in Fig. 3 (2011) and Fig. S4 (2012)
depict the spread of ascospore concentration. A prominent wedge pattern depicts higher ascospore concentration at elevated levels of relative humidity, shown by the
higher median values and wider intervals between the
first and third quartile of the box plots. The equation of a
line defining the upper boundary of the wedge was
created by binning relative humidity in 1 % increments
and fitting a line to the maximum ascospore concentration in each bin. The linear relationships determined for
both years were significant (P < 0.0001), with calculated
slopes of 0.049 and 0.018 in 2011 and 2012,
respectively.
The relationship between ascospore concentration
and air temperature is shown in Fig. 4 and Fig. S5
(Online Resource 2). The black and white markers in
the figures illustrate ascospore concentration during the
nighttime period (1900 to 0700), and the grey markers

Table 1 Classification of ascospore release events in 2011 and 2012
Zero Event1

Low Event2

Minor Event3

Major Event4

Year

No. of Events

Percentage

No. of Events

Percentage

No. of Events

Percentage

No. of Events

Percentage

2011*

133

37.78 %

166

47.16 %

41

11.65 %

12

3.41 %

2012†

98

23.11 %

259

61.08 %

65

15.33 %

2

0.47 %

*There were 352 ascospore release events recorded in 2011
†

There were 424 ascospore release events recorded in 2012

1

A zero event was associated with an ascospore concentration of zero

2

A low event was associated with an ascospore concentration between 1 and 4999 ascospores m−3

3

A minor event was associated with an ascospore concentration between 5000 and 49,999 ascospores m−3

4

A major event was associated with an ascospore concentration ≥ 50,000 ascospores m−3

488

Eur J Plant Pathol (2016) 145:483–492

The impact of meteorological conditions on the release of
ascospores of F. graminearum into the atmosphere is
understudied. This study aimed to extend previous field
(Inch et al. 2005; Paulitz 1996; Fernando et al. 2000;
Ayers et al. 1975) and laboratory experiments (Gilbert et
al. 2008; Tschanz et al. 1975; Trail et al. 2002) by examining two seasons of ascospore concentration data from
the same farmland, unique for the large size (3716 m2) of
inoculum generated under controlled conditions (Prussin
et al. 2014a; Prussin et al. 2014b; Prussin et al. 2015).
Associations between meteorological conditions and ascospore concentration were investigated through causality
analyses developed to provide information about systems
using small ecological data sets (Sugihara et al. 2012;
Deyle et al. 2013; Clark et al. 2015).

To the authors’ knowledge, this is the first study to
employ causality analyses to predict the release of fungal
ascospores into the atmosphere (convergent cross mapping and multivariate state space forecasting). Figure 1
and Fig. S1 (Online Resource 2) show that solar radiation, air temperature, wind speed, and relative humidity
are causally linked to release of F. graminearum ascospores. Two causal analysis methods found that: (1) solar
radiation and relative humidity were the most influential
causal factors; (2) soil temperature and absolute humidity
were not causal; and (3) wind speed and air temperature,
which may be indicators of atmospheric stability, were
causal by one method but not the other. The results further
indicated that the identified relationships provide information beyond correlation and actually show that certain
meteorological conditions lead to ascospore release.
Because of the coupled nonlinear dynamics present within ecological systems, apparent relationships can swing
by varying degrees due to minor changes in parameters
(Sugihara et al. 2012); thus knowledge of the direction
and strength of the relationships is valuable when
predicting future conditions.
The results of the 2011 and 2012 field trials illustrated a strong tendency for ascospore concentration to be
higher at nighttime (1900 to 0700), agreeing with previous research (Schmale and Bergstrom 2004; Schmale
et al. 2005b; Schmale et al. 2006; Inch et al. 2005;
Fernando et al. 2000; Ayers et al. 1975; Paulitz 1996).
Mycosphaerella fijiensis exhibits similar afternoon or

Fig. 2 Hourly ascospore concentration (black bar graph) and
relative humidity (RH, dashed red line) for a field source of F.
graminearum between 1700 h 19 May 2011 and 800 h 3 June
2011. A 1-acre wheat field plot was inoculated with a strain of F.
graminearum (FGVA4) and subsequently monitored for airborne
ascospore concentration using a Quest volumetric ascospore
sampler

Fig. 3 F. graminearum ascospore concentration versus relative
humidity for a field-scale source of F. graminearum during the
monitoring period in 2011. The shading distinguishes nighttime
(black and white) from daytime (grey variants) events. The black
line fits the highest concentration of ascospores for each 1 % range
in relative humidity to illustrate where an apparent threshold exists

indicate daytime concentration (0700 to 1900). A wedge
pattern was evident in 2011, when ascospore concentrations were higher at the lower temperatures. In 2012,
there was more scatter in the data, and no clear trend was
evident. Temperature was binned in 1 °C increments,
and the resulting linear fit to the maximum concentration in each bin is shown in Table S2. The resulting
linear fit was significantly different from the null hypothesis in 2011 (P < 0.0001) but not in 2012 (P = 0.70).

Discussion
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Fig. 4 F. graminearum hourly ascospore concentration versus air
temperature in 2011. The shading distinguishes nighttime (black
and white) from daytime (greys variants) events. The black line fits
the highest concentration of ascospores within each 1 °C range in
temperature to illustrate where an apparent threshold exists

nighttime-dominated release events (Meredith et al.
1973; Burt et al. 1997), while other fungal pathogens,
such as Bremia lactucae (Su et al. 2000), Venturia
inaequalis (Gadoury et al. 1998), and Venturia pirina
(Spotts and Cervantes 1994) tend to release ascospores
during the daytime or exhibit no apparent temporal
preference, such as Sclerotinia sclerotiorum (Clarkson
et al. 2003).
The largest ascospore concentrations occurred at the
highest relative humidity levels. Both types of causality
analyses (convergent cross mapping and multivariate
state space forecasting) identified relative humidity as
an important controlling signal as opposed to factors
such as soil temperature and absolute humidity. This
study adds to previous research that has identified a
relationship between relative humidity and ascospore
release (Paulitz 1996; Tschanz et al. 1975; Inch et al.
2005; Reis 1990). Researchers have hypothesized that
relative humidity may be the trigger responsible for
ascospore release (Paulitz 1996; Tschanz et al. 1975).
Turgor pressure within the ascus may be the mechanism
for forcibly discharging ascospores (Trail et al. 2002;
Trail et al. 2005; Trail 2007), and the balance between
water inside the ascus and water in the vapor phase in
the atmosphere may help to determine ascospore
release.
Convergent cross mapping identified air temperature
to be a causal agent of ascospore concentration and a
negative correlate per linear regression (Fig. 4 and Fig.
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S5 (Online Resource 2)). The results agree with a field
trial that found a negative correlation between ascospore
release and temperature (Paulitz 1996). Similarly, controlled laboratory studies found that lower temperatures
favored ascospore discharge events (Tschanz et al.
1975). The apparent preference for low temperature
aligns with studies of F. graminearum ascospores showing that germination rates increased with decreasing
temperatures (Gilbert et al. 2008), highlighting that
low temperatures may favor both release and ascospore
survival.
Wind speed was identified as a causal agent of ascospore release with the highest concentration observed
during periods with the lowest wind speeds (Fig. 1 and
Fig. S1 (Online Resource 2)). Researchers have encountered similar daily periodicity in other field data
and have hypothesized that the higher number of ascospores could be associated with ascospore release events
during the afternoon coupled with the transition to more
stable overnight conditions (Fernando et al. 2000).
Higher nighttime ascospore concentration may be at
least partially explained by more stable atmospheric
conditions. We speculate that turbulent mixing associated with an unstable atmosphere during the daytime
results in fewer ascospores settling to the ground,
whereas stable nighttime conditions produce less
mixing in the atmosphere and are more favorable for
ascospore deposition and capture (Maldonado-Ramirez
et al. 2005; Schmale and Bergstrom 2004; Schmale et al.
2005a). Additional research is needed to determine the
nature of the relationship between wind speed, ascospore release, and ascospore deposition.
The causality analyses identified a relationship between solar radiation and ascospore concentration. A
chamber study showed that light quality and intensity
similar to that encountered during mid-day rain events
was associated with the largest ascospore release events
(Trail et al. 2002). In a field study in New York, the
highest ascospore deposition events within a corn canopy were encountered during the nighttime (Schmale
and Bergstrom 2004), while another field study with a
60-m sampling height found no significant difference
between daytime and nighttime ascospore counts
(Maldonado-Ramirez et al. 2005). The release of ascospores during low levels of solar radiation may not be an
advantageous strategy to achieve long distance transport
(Schmale et al. 2006; Oke 1987), but may prolong
ascospore survival (Rotem and Aust 1991; Sung and
Cook 1981). Research on the effect of UV radiation on
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Mycosphaerella fijiensis ascospores showed that exposure to UV radiation beyond 6 h reduced spore viability,
so the timing of a release event could influence the
potential for long-distance transport (Parnell et al.
1998). The strong correlation of solar radiation with
other meteorological variables makes it challenging to
isolate its effect. Additional laboratory experiments are
required to further determine how solar radiation may
induce ascospore release or if the relationship may be a
byproduct of other conditions.
Future research within the area of ascospore release
and meteorological conditions would benefit from an
understanding of the limitations of this study. An atmospheric transport model of ascospores that accounts for
the large difference in atmospheric stability between the
day and night would help define the vertical concentration gradient of ascospores and resolve some of these
questions, although reliable information about ascospore emission rate as a function of conditions is also
needed for such a model to be useful. The number of
ascospores measured during the field experiments was
always less than the number released because the sampling method captured only those ascospores that
reached the instrument’s inlet height; many ascospores
were not sampled and deposited back to the ground
(Buttner and Stetzenbach 1993; Hart et al. 1994). This
disparity between released and captured ascospores has
been identified in M. fijiensis field investigations as well
(Burt et al. 1999; Rutter et al. 1998).
These results highlight meteorological variables that
are drivers of increased ascospore concentration. By
enabling refinements to models of ascospore transport
and dissemination, these findings could help improve
predictions of the relative risk of infection (Prussin et
al. 2015; Schmale and Ross 2015). While the parameters
describing ecological, biological, and meteorological
conditions are continuously changing and are coupled
in complex ways, the ability to describe their interactions
can inform decision-making with respect to species management, plant and animal protection, and human health.
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