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Abstract
If climate change scenarios include higher variance in weather variables, this can have important
effects on pest and disease risk beyond changes in mean weather conditions. We developed a
theoretical model of yield loss to diseases and pests as a function of weather, and used this model
to evaluate the effects of variance in conduciveness to loss and the effects of the color of time
series of weather conduciveness to loss. There were two qualitatively different results for
changes in system variance. If median conditions are conducive to loss, increasing system
variance decreases mean yield loss. On the other hand, if median conditions are intermediate or
poor for disease or pest development, such that conditions are conducive to yield loss no more
than half the time, increasing system variance increases mean yield loss. Time series for weather
conduciveness that are darker pink (have higher levels of temporal autocorrelation) produce
intermediate levels of yield loss less commonly. A linked model of decision-making based on
either past or current information about yield loss also shows changes in the performance of
decision rules as a function of system variance. Understanding patterns of variance can improve
scenario analysis for climate change and help make adaptation strategies such as decision
support systems and insurance programs more effective.
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1. Introduction
Understanding and managing the effects of agricultural pests and diseases are major
challenges. As a world-wide average, the potential crop yield loss to animal pests and pathogens
has been estimated at 18% and 16%, respectively (Oerke, 2006). In livestock, total losses to
trypanosomosis alone are estimated at US$1.3 to 5 billion (McDermott and Coleman, 2001).
Thus, effective management of pests and pathogens is key for making efficient use of natural
resources, maintaining income and assets for farmers by reducing losses, and keeping food prices
affordable enough to maintain food security. The best form of management is often use of
disease and pest resistant varieties or breeds, where development of a new crop variety typically
requires a decade and development of new livestock breeds is much slower; benefits of research
may take 40 years to be realized (Alston et al., 2009; Pardey et al., 2006). Where inadequate or
no sources of resistance have been found in established crop germplasm, other forms of crop
protection are needed to keep pests under control. The development and implementation of new
integrated pest management (IPM) strategies are time consuming and the resulting time lag in
response to pest and disease problems is one motivation for understanding how climate change
will influence pest and disease risk. Several biological features of pests and diseases increase the
challenges of predicting the effects of climate change, including the potential for more frequent
weather extremes to have particularly strong effects (Coakley, 1979; Rosenzweig et al., 2001).
1.1. Changes in variability and the color of weather time series
Climatic variability and climate extremes have direct effects on crop yield (Challinor et al.,
2007; Orlandini et al., 2008; Porter and Semenov, 2005; Trnka et al., 2011; Wheeler et al., 2000).
They also have an effect on diseases and pests beyond the effect of changes in mean weather
variables (Chaves et al., 2012; Coakley, 1979; Kriss et al., 2012; Rohr and Raffel, 2010; Scherm
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and van Bruggen, 1994; Scherm and Yang, 1995). More common occurrence of climate
extremes, or potentially new extremes, can also cause a range of problems (Rosenzweig et al.,
2001). If extremes become more common, new models may be necessary, if the observed trend
of climate change is completely different from climatological averages. ‘Non-analog climates’
are climatic conditions that do not presently exit (Fitzpatrick and Hargrove, 2009). In this
context, forecasting future distributions of diseases and pests from current known species climate
relationships is highly problematic. This is because the observed distribution of diseases and
pests alone provides no clear information about how the species might respond under completely
novel environmental conditions (Fitzpatrick and Hargrove, 2009). Thus, model outputs based on
extrapolations may lead to substantial errors in managing disease and pest invasions and climate
change impacts.
Because of the spatial and temporal correlation imposed by pests and diseases, the effects of
climate extremes can extend well beyond the season in which they occur; for example, the
inoculum load remaining at the end of a season often strongly affects the inoculum load at the
beginning of the next season. For pests or pathogens whose range expansion is limited by
conditions for initial establishment, extreme conditions can make new leaps possible. Long
distance transport is an important factor in the introduction of new pests and pathogens, and in
the annual migrations that many pests or pathogens such as rust fungi make each year to reinvade
areas where they cannot overwinter (Li et al., 2010). Extreme storm events that spread
pathogens more rapidly will have long-lasting effects. Extremely favorable conditions may also
'unleash' new pests/diseases that normally only have minor effects, in addition to making typical
pests/diseases more problematic. From managers’ perspectives, there is a qualitative difference
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in adjusting to greater pressure of a known pest or disease compared to preparing to manage a
new pest/disease.
El Niño events, which are similar but likely even more extreme than expected mean
temperature changes under climate change, have had a great impact on the abundance and
severity of pests and disease in South America. For example, during the 1997 El Niño
phenomenon in Peru, mean temperature on the Peruvian coast increased by about 5 ºC above the
annual average. While infestation of potato by the leafminer fly (Liriomyza huidobrensis)
decreased, the abundance and infestation severity of all other pests (e.g., the bud midge,
Prodiplosis longifila; potato tuber moth, Phthorimaea operculella; white fly, Bemisia tabaci)
increased in all agricultural and horticultural crops. The farmers’ only adaptive strategy to cope
was applying high doses of pesticide every 2-3 days (Cisneros and Mujica, 1999). It can be
expected that climate change consequences and farmers’ future needs for adaptation in other
parts of the tropics will be quite similar to such effects observed during El Niño (Kroschel et al.,
2010).
Pathogen responses to environment often provide good examples of the importance of
climatic extremes and weather, rather than climate per se. Anthrax and Foot and Mouth Disease
(FMD) both have a near-worldwide distribution, but episodes of climate variation may prompt
sudden emergence or spread. The causative bacteria of Anthrax, Bacillus anthracis, form spores
that may remain infective for 10-20 years (Baylis and Githeko, 2006). Heavy rainfall stirs up the
spores, and a proceeding drought event often triggers disease outbreaks (Parker et al.,
2002). FMD in dry regions of Africa spreads almost entirely by direct contact (Sutmoller et al.,
2003), but can travel several kilometres given cool and humid conditions; wind-borne spread is
an essential component in epidemiologic models where such conditions exist (Garner et al.,
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2006; Rubel and Fuchs, 2005; Sørensen et al., 2000). The economically important viral disease
Peste des Petits Ruminants (PPR) appears to be most prevalent immediately prior to seasonal
peaks of rainfall (Wosu et al., 1992) which may reflect optimal conditions for viral survival
(Baylis and Githeko, 2006).
The color of an environmental time series refers to how strongly correlated a variable is
in time, and whether the correlation is positive or negative. White noise has no correlation in
time, such that an environmental variable would have no correlation from one time to another.
Blue noise has a negative correlation from one time to the next and so will tend to have high
frequency oscillations. Increasing positive correlations between time points yield pink, red, and
brown noise, with a tendency to have lower frequency oscillations (examples in Fig. 1). Some
degree of positive correlation is often realistic for many variables such as temperature, depending
on the resolution and extent considered (Rohani et al., 2004; Vasseur and Yodzis, 2004).
Positive correlation will also tend to be more common for epidemic and other population
processes, even in a constant environment, especially in the absence of complicating factors such
as induced resistance. The color of an environmental time series and associated population time
series may logically be related (García-Carreras and Reuman, 2011; Ruokolainen et al., 2009;
Wilmers et al., 2007). García-Carreras and Reuman (2011) concluded that climate variables
have become relatively bluer over the past century (on an annual basis), such that higher
frequency oscillations may also be observed for populations affected by weather.
1.2 Early warning systems / decision support systems
The potential for within-season decision-making by farmers has been a driver for the
development of many models of pest and disease risk. Early warning systems (EWS) or decision
support systems (DSS) are used to advise farmers when the risk is high or low for a particular
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pest or disease vector at a specific period of the year. Weather variables are an important part of
most EWS and DSS (Table 1). When information about risk is available to farmers (particularly
when made available through participatory means, combining analytical and experiential
learning (Marx et al., 2007)), they can decide on appropriate actions to be taken, such as making
an insecticide application or not, deciding what type of chemical to use, and determining when to
spray. Hence, EWS data are used as a tool to judge the relative risk that farmers may experience
in the near future and when that risk is likely to occur. Early detection tools in this context can be
subdivided in distinct groups depending on the information used for developing the EWS.
Within-season forecasting models can also be rescaled for application at greater spatial extents,
such as in climate change scenario analysis (Sparks et al., 2011).
The expected increase in climate variability in many regions can increase the need for early
warning systems to support agricultural decision makers (Dury et al., 2011; Giorgi et al., 2004;
Haylock and Goodess, 2004; Meinke and Stone, 2005; Rosenzweig et al., 2001; Rowell, 2005;
Seneviratne et al., 2006). Larger differences among consecutive years, as well as among different
weeks of the same year, can make decision-making more difficult and can reduce the value of
previous experience. The use of models can support warning systems, especially when they are
based on mechanistic approachs describing the physiological relationships between pest/disease
and host. Models tend to be of the greatest utility when conditions are neither consistently
conducive nor consistently non-conducive to pests and disease. As a result, decision makers who
do not have access to robust and reliable model output are likely to experience more difficulty
under higher variability. Higher variability in environmental conditions may also make it less
likely that farmers adopt resistant varieties if consistent benefits cannot be readily observed
(Garrett et al., 2011) as for drought tolerance (Lybbert and Bell, 2010).
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1.3. Decision-making for pest and disease management
When models of productivity, and productivity losses to diseases or pests, are applied in
future scenario analyses, another important source of uncertainty is how well people will manage
diseases and pests. Higher pest and disease risk imposes greater demands on all people involved
in agricultural production, from plant breeders, entomologists and plant pathologists to extension
agents and farmers. The demands will be higher on farmers in systems where support from
research and extension is not readily available. The question remains whether effective
management will be widely implemented, and whether management can be formulated so that it
does not substantially reduce profitability or reduce other ecosystem services. Behavioral
models of decision-making at the farm level for the context of fragile environments are not yet
well developed (Hertel and Rosch, 2010). Moreover, the spatial and temporal correlation
resulting from potential pest and disease spread means that decisions made by some parties will
influence pest and disease problems experienced by other parties.
The study of risk assessment, perceptions, communication, and management, developed
in response to challenges presented by increasingly technologically-oriented societies
(Covello, 1983; Kates and Kasperson, 1983; Slovic, 1987), has provided insight into how
people make decisions under risk and uncertainty. Risk perception rather than actual risk is
relevant to decision-making (Gent et al., 2011; McRoberts et al., 2011; Slovic and Weber,
2002). Farmers base their crop and livestock decisions on local knowledge systems, resulting
from years of observations, experiences, and experiments (Bharara and Seeland, 1994; Gilles
and Valdivia, 2009; Marx et al., 2007). In Argentina, farmers faced with uncertainty and risk
in a La Niña event were able to handle at most one adaptation decision (Hansen et al., 2004).
The degree of dread, fearfulness or gut feeling of angst, in response to hazards such as pests
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and diseases is an important factor. Andean farmers in three regions of the Andes
experiencing climate variability and change had different responses to their sense of dread to
hazards, even within communities. This was a function of the resources they had or could
access and of the geographical location (Valdivia et al., 2010). It is possible to quantify and
predict risk perception in terms of the amount of dread a risk produces, and the amount of
knowledge about risks (Hinman et al., 1993; Marks, 2001; Slovic, 1987) and how culture
shapes risk perceptions (Gobel, 2002; Johnson and Covello, 1987). People assess risks using
rules based systems and association/experiential based systems (Marx et al., 2007; Slovic and
Weber, 2002). When the results of these are in conflict, people tend to rely on the
associational since past experiences are often more memorable and dominant (Slovic et al.,
2002). This is specially the case when the dread of an event is high.
Marx et al. (2007) discuss how decision makers use different types of information. There
is a tendency to weight recent experience, such as the last five years. If rare events have not
occurred recently, they are given less weight, while people may overreact to recent rare
events. This response may be adaptive if the system is changing in a directed manner. People
tend to respond to vivid events rather than to statistical information. The ‘availability
heuristic’ makes people tend to assume that the future will be similar to what they have
experienced so far.
1.4. Objectives
Scherm and van Bruggen (1994) have previously shown how increasing amplitude in a
weather variable such as temperature, compared to a constant temperature, can result in a
substantially different pathogen growth response. Models of human diseases have also evaluated
the effect of weather variability (Chaves et al., 2008; Dobson, 2009; Pascual et al., 2008a;
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Pascual et al., 2008b). Here we design a generic model of disease/pest responses to weather
variability to address related fundamental questions about the role of variability and extremes in
disease/pest management scenarios. It is not designed to be a realistic model for any given
system, but we have tried to incorporate many of the most important features of a range of
systems, both animal and plant (Borer et al., 2012; Wilkinson et al., 2011), to produce general
results. We use the model to provide insights into the following questions and generate
hypotheses about these relationships.
A. How are losses to diseases/pests affected by changing variability in weather conduciveness,
and by changing the color of noise associated with weather conduciveness?
B. How does a decision-maker’s choice of current versus past information affect losses and
profit in these different types of environments?
These weather scenarios can inform the construction of ensemble models, where predictions
from several models are pooled, by providing different types of variation, and illustrating the
effects of variation on disease/pest impacts.

2. A model of the effects of climate variation
2.1. Effects of climate variation on yield loss to diseases and pests
2.1.1. How are losses to diseases/pests affected by changing variability in weather
conduciveness, and by changing the color of noise associated with weather conduciveness?
Weather conduciveness to diseases/pests is a function of a number of weather variables (Table
1). This models starts at the point where the set of relevant weather variables has already been
converted to a single measure of conduciveness. In this weather model, the time series model for
‘general weather conduciveness to a disease/pest’ Rt corresponds to
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Rt = mt + Zt,

(1)

where mt captures the trend associated with weather conduciveness. A constant mean weather
conduciveness is captured by setting mt to a constant. Alternately, linear or polynomial trends
can be used to reflect expected weather conduciveness as a function of time t. If mt takes a higher
positive value, conducive conditions such that Rt > 0 become more common; if mt is a lower
negative number, conducive conditions become rarer. Zt is the stationary residual that can be
modeled as an autoregressive or moving average process to capture the correlation between
weather conduciveness at different times. For example, a first order autoregressive model for Zt
corresponds to Zt = aZt-1 + (1-a)Wt, where |a| < 1and Wt is normally distributed mean zero white
noise with variance σ2. Zt is a colored noise series when a is nonzero and white noise when a is
zero (Fig. 1).
The time series for weather conduciveness is converted to a time series of cumulative yield
loss (Yt) due to the disease/pest, using a logistic growth model. The logistic model incorporates
an increase in growth rate over time, until the yield loss begins to approach the maximum
possible.

Y0 = 1

(2)

where 1 is the starting yield loss condition, 100 is the maximum loss, and the weather
conduciveness variable functions as a rate parameter. In the context of livestock, this model
would be relevant where ‘cumulative yield loss’ indicates the proportion of a herd that is infected
with a disease burden above a certain threshold. The burden could be due, for example, either to
Agricultural and Forest Meteorology (2012) in press - 11

pathogens, such as trypanosomes, or to internal parasites, such as helminths. Just as the weather
conduciveness variable subsumes a number of processes, so too does the cumulative yield loss
variable: the many processes that lead to pathogen/pest reproduction and the effects of that
reproduction on host productivity. Note that the cumulative yield loss can become smaller over
time if conditions do not support pest/pathogen development, which would be realistic for
scenarios where hosts can recover and compensate for earlier losses. For systems where
recovery from yield loss is not realistic, we also include a no-yield-recovery model variation
where values of Rt < 0 are set to 0 (Fig. 1).
It is clear from equation (2) that the yield loss is also a stochastic process as it depends on the
weather conduciveness at each time instant. By analyzing the statistical behavior of the Yt
process, we can obtain insights into how the mean and the variance of weather conduciveness
impact the expected yield loss and its variance. Because of the recursive relationship in (2),
analytical derivation of the distribution of Yt becomes intractable as t increases. However, the
mean and variance of Yt can be derived analytically for small values of t with the algebraic
complexity of this derivation growing with t. From these derivations (along with an inspection of
equation (2)), we observe an expected behavior – i.e., increasing the mean and variability of the
weather conduciveness increases the mean and variability of the yield loss process. However, the
exact relationship between the means and the variances is not trivial. In fact, it is easy to show
that the mean of the yield loss process at time t (t > 1) actually depends both on the mean and the
variance of the weather conduciveness process! Furthermore, thanks to the recursive relationship
in equation (2), we observe that the variance of the yield loss process keeps growing with time t.
That is, the variability of the weather conduciveness creates larger variability in the model
predicted yield loss for higher values of t. Since analytical derivations of the distribution as well
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as means and variance get prohibitively complex with increasing t, we used Monte Carlo
simulations to characterize the mean and variance of Yt.
We evaluated the effects of varying σ2, the variance of the Wt, across values from near 0 to 9
crossed with the effects of varying m, the mean of Rt, from -2 to 2 for 20 time steps in 1000
simulations at each combination of values using the R programming environment (R
Development Core Team, 2011). R script generating the analyses in the figures in this paper is
available at http://hdl.handle.net/2097/13786. We also crossed the different values for σ2 and m
with a range of values for the coefficient a to compare the effects of a white noise (a = 0), light
pink (a = 0.5), and a darker pink (a = 0.9) series. The values of Wt were generated using the
normal random number generator rnorm in R. The first term of the series was assigned a normal
random variable with mean m and variance σ2, and the first 100 values of Zt were discarded
before the Rt were generated. The length of the potentially-conducive season, in terms of the
number of generations, may change because the actual number of days increases or because the
generation time changes as a function of changing climate. We interpret the length of the season
and the potential yield loss broadly, not necessarily in terms of yield in a single field/herd, but
for a location as a whole, where for example there might be multiple overlapping generations of
annual crop hosts in different nearby fields.

2.2. Effects of climate variation on farmer decision-making
2.2.1. How does a decision-maker’s choice of current versus past information affect losses and
profit in these different types of environments?
In the above analyses, yield losses are presented without explicit consideration of
management to reduce effects. Here we incorporate the effects of decision-making by managers
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in a model that compares the results for different types of information managers might choose to
use. Suppose a manager must decide whether or not to impose a type of management (such as
crop tillage, biocontrol application, or pesticide application) in the middle of a season, in the
context of a 10-generation model. The management has a cost to the manager equivalent to 20%
of the yield. Its benefit is to reduce Rt to 0 for three time steps.
In this model, the manager can draw on two types of information. First, the final yield loss
from three previous years is one form; the decision rule associated with those three years is ‘If
final yield loss exceeded 20% in two or more of the three previous years, then management
should be applied this year.’ (For simplicity, we assume that the management treatment was not
applied mid-season during those three years. Thus, interpreting high yield loss is complicated by
lack of information about whether use of management would have been a good choice to reduce
yield loss, or whether conduciveness was so high that management would have been wasted.)
Second, the current midseason (t=5 out of 10) yield loss (Y5) is observed; the decision rule
associated with the current yield loss is ‘If current yield loss is greater than or equal to 5% but
less than 80%, then management should be applied this year.’ Note that these management rules
are not optimized for the available information, and the optimal rules could change with the
underlying model parameter values. But we use these rules to examine the effects of different
levels of weather variation on the relative success of these rules.
The success of a management decision was evaluated by comparing (a) the end of season
yield loss (Y10) without the management, to (b) the end of season yield loss with the
management, and whether the benefit of management was greater than the cost of management.
If the management decision resulted in a great enough reduction in yield loss, then it was a
correct decision from the standpoint of optimizing profit (though not necessarily from a broader
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ecosystem services standpoint (Cheatham et al., 2009)). We emphasize that the decision rules
are the same for all scenarios, and thus have not been optimized for each scenario, but serve to
illustrate general properties of the scenarios.
We compared the success of the current versus past information for management decision
models in 1000 simulated sets of four seasons per parameter combination, where the final season
was evaluated both with and without the management treatment. We evaluated this for
parameter combinations described above.

3. Model results
3.1. The effects of variance and the color of time series on yield loss to diseases and pests
The variance of the Wt and the color of the Zt, determined by a, both influence yield loss
(Fig. 2, generated using the R function smoothScatter). When the mean rate of yield loss, mt,
is -2 or 0, higher variance results in higher yield loss. Figure 2 presents the ‘no-yield-recovery’
model, where the mean -2 and the mean 0 case are somewhat more similar, because values of the
rate Rt < 0 are replaced by 0 so that the cumulative yield loss is monotonic increasing. When the
mean rate is 2, increasing variance in Wt decreases yield loss.
When a is 0, Zt is a white noise process. As a becomes larger, Zt becomes a light pink
and then darker pink series. For darker pink series, the ‘less typical’ yield loss results may
become less common compared to the white noise series when the mean mt is high (Fig. 2). For
mt = 2 after 10 time steps the yield loss tends to be near 100% for a white noise series, and for
darker pink series the yield loss is rarely near zero when the variance is low. For lower values of
the mean mt, moving from white noise to pink noise results in zero yield loss becoming more
common, even for higher variance (Fig. 2).
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3.2. The effects of variance and the color of time series on farmer decision-making. For the
lower mean conduciveness, such that disease or pest conducive conditions are relatively rare,
increasing the system variance increases the rate of incorrect decisions after ten time steps (Fig.
3). False negative decisions, such that management is not applied when it would have been
profitable, become more common with increasing variance, but then can decline again for white
noise. False positive decisions, such that management is applied and results in a reduction in
profit, become more common with increasing variance, though the rate of increase declines with
higher variance. For system mean = 0, the likelihood of false positive reactions becomes higher
for the rules based on the past. For system mean mt = 2, conditions are typically conducive
enough that for low variance the rules are not optimized and typically result in false positive
responses that are not enough to reduce yield loss adequately. As variance increases, the
performance of both types of decision rules improves as scenarios where they can provide
benefits become more common. One important advantage of the decision rule based on current
conditions is that it includes scouting to determine whether yield loss is already so high by the
middle of the season that use of management is a lost cause. Darker pink noise decreases the
effect of variance for the lower mean conduciveness cases. For the higher mean conduciveness
case, darker pink noise reduces the effect of variance on the rate of false positive decisions for
the rule based on current or past information.

4. Discussion
4.1. General results and variations on the model
Climate variability may have important effects on yield losses, independent of changes in
mean conditions. This simple model shows how changing variance in weather conduciveness to
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yield loss due to disease or pests (a function of multiple weather variables (Table 1)) can change
the mean yield loss. If conditions are highly conducive to diseases/pests, increasing variance
leads to a decrease in mean yield loss. For the highly conducive conditions, increasing variance
also leads to more successful use of decision rules, in that decision rules can prove useful under
higher variance while they rarely do under the consistently highly conducive conditions.
Increasing variance for scenarios of low conduciveness to disease/pests leads to increases in the
mean yield loss and poorer performance of decision rules. Additional forms of variation could
also be explored, such as weather conduciveness with a distribution other than normal, where
other distributions could have varying higher statistical moments such as skewness (a measure of
asymmetry) and kurtosis (a measure of distribution ‘flatness’, or heaviness of distribution tails)
(Chaves et al., 2012) (Table 2).
The decision scenario presented in the paper is meant to serve as an example of how one may
use a generic model and extract useful information from it. The model in its current form is used
to capture a natural phenomenon such as weather conduciveness and its direct impact on yield
loss. Based on the model for the physical system, one can design an information, command and
control system that serves as the decision maker. If we want to capture the effect of the decision
process on the physical system, it is possible to update either Rt or Yt with an additional “control”
term Ut. The control term can be designed to capture the impact of complex decision processes.
Zt models a part of weather conduciveness that is not captured by the trend component. In
practice, the exact model for Zt will be dependent on the epidemic of interest. Our goal in this
model was to present a generic framework and while simulations are presented for an
autoregressive model with one time lag (AR(1)) for Zt, the model could readily be modified to
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evaluate more general autoregressive and/or moving average models (ARMA(p,q)) or even nonstationary time series models for Zt.
The general framework presented here can be modified to operate on multiple spatial and
temporal scales. For example, the time index in the weather conduciveness time series Rt could
indicate days, months, seasons or even years, where an oscillating component could represent
seasonality in conduciveness and the changing probability of successful overwintering or
oversummering. We did not explore the effects of neighboring locations on yield loss at a
particular location. This could be evaluated using more mechanistic network models of pathogen
or pest movement through space (Moslonka-Lefebvre et al., 2011), and potentially network
models for the movement of opinion that modifies decision-making (Garrett, 2012).
Alternatively, a relatively simpler two- or three-dimensional autoregressive model for yield loss
might be used, where one dimension could be time. An important trait of pests and pathogens is
the spatial correlation that they produce through their spread. Spatial autocorrelation can also
influence patterns of yield loss, another influence to make loss similar across space and to buffer
changes in loss over time (Margosian et al., 2009). In cases where there is increased variation in
climate variables and associated increased variation in pathogen or pest populations, local
extinction may also become more common (García-Carreras and Reuman, 2011; Ruokolainen et
al., 2009; Wilmers et al., 2007), so that future disease loss at any given location will depend on
the spatial structure of conditions suitable to reintroduce pathogens or pests. Similarly, decisionmaking may also be correlated in space, as farmers compare results for purposes of decisionmaking, or where a single farmer has responsibility for a number of different fields. Drawing on
the results of multiple processes can result in more informed decisions, but conformist social
learning can cause group losses in variable environments (Whitehead and Richerson, 2009).
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EWS and DSS are needed when a system is variable: if a pathogen or pest is always a
problem, or never a problem, there is no need for predictions. The number of cases with yield
loss between the bounds 0 and 100 (in the absence of management) increases as the variance
increases in the yield loss model (Fig. 2). Good EWS and DSS will be particularly important if
the variance in weather conduciveness increases as part of climate change.While it is desirable to
minimize both false positives and negatives, in practice one comes at the cost of the other. So,
typically, decision rules are designed such that one of the two metrics is minimized while
constraining the other to be less than some reasonable acceptable level. This is the basis of
Neyman Pearson decision rules where false negatives are minimized subject to a constraint on
false positives (Poor, 1994). For example, in the case of EWS, one may decide on the relative
level of importance for the two metrics. Based on that, the decision rule thresholds can be
adjusted to meet the expected EWS performance. Under the illustrative decision rules evaluated
here, false negative decisions are less frequent than false positive decisions, and the false positive
decisions show a strong response to system variance. It would also be possible to incorporate
other aspects of decision-making making in this modeling framework, such as optimization for a
particular level of variance or response to dread, to evaluate the effects of changing variance on
performance.
4.2. Addressing pest and disease problems under changing climate variability
Scenarios where weather variance increases will often make good DSS and EWS more
important. It would be very useful to have forecasts across a season and beyond, but there are
limits to the quality of such long range forecasts. Useful links may be made between epidemic
disease emergence (such as Rift Valley Fever) and specific climate events (such as heavy
rainfall). Advance forecasts of ENSO events have been used to provide early warning of
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epidemics. EWS, once established, can be used to (1) direct sentinel surveillance programs, (2)
make efficient use of pesticide stores, and (3) target vaccination programs (e.g. Ephemeral Fever
in cattle). Farmers with more commercial opportunities may be in a position to invest and use
forecasts (Hansen et al., 2004) while others (Patt et al., 2005) find that information that includes
alternative strategies also allows vulnerable farmers to adjust. Many management techniques
depend on reducing the local level of inoculum, while temporal and spatial correlation in both
weather conduciveness and pathogen population size will cause local inoculum levels to be
strongly influenced by regional levels. These management techniques, such as the use of variety
mixtures, may be less useful during El Niño years compared to La Niña years, for example, if
regional inoculums loads become saturated (Garrett et al., 2009). Management strategies,
themselves, may need to be altered to adjust to new scenarios. Global agricultural research is
needed to support such adaptation of pest and pathogen management to climate change
(Chakraborty and Newton, 2011; Juroszek and von Tiedemann, 2011; Luck et al., 2011; Pautasso
et al., 2010; Savary et al., 2011; Shaw and Osborne, 2011).
Understanding the behavioral characteristics of farmers is crucial if appropriate
management practices are to be developed to manage pests and diseases (Mumford and Norton,
1984). Mumford and Norton call for obtaining information early on about farmers’ perceptions,
the constraints they face and their objectives, especially for the development of pest control
research and extension. An interdisciplinary research program on adaptation to change in the
Altiplano (Valdivia et al., 2010) hypothesized that if results of traditional and expert forecasts
were in conflict, farmers would use the traditional assessment model (Slovic et al., 2002). In
this assessment, dread of pests and disease was high, as were concerns with the changing climate
in the northern region. While local perceptions of the climate trends were similar to observed
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trends in the last fifty years (Seth et al., 2010), there were also key differences. Perceptions of
decreases in rainfall were actually related to faster evapotranspiration due to increased
temperatures as well as shifts in the timing of rainfall, and not reduction in total rainfall.
Farmers in fragile environments where there is spatial and temporal variability, such as
mountainous regions, may have little confidence in forecast information generated outside of
their community or neighborhood (Gilles and Valdivia, 2009).
Insurance introduces another realm of decision-making, for those considering purchase and
for those public or private groups considering how to offer insurance (Hazell and Hess, 2010).
Traditional crop insurance programs have been functioning in developed countries for decades,
and the potential has been studied in developing countries. Recently pilot programs have been
tested to determine when and how these may be feasible (Norton et al., 2011; Osgood and
Warren, 2007; Smith and Watts, 2009). Several studies point to institutional constraints in the
implementation of programs in developing countries (Hazell, 1992), and the search for
alternative approaches to make insurance viable (Skees et al., 1999). The key is to prevent
farmers’ loss of assets due to drought or other weather-related risks in Africa, Asia, and the
Andes, if ENSO events occur, for example. If farmers don’t lose their assets they will be able to
invest and recover from the shock, and with insurance incorporate more costly and higher
yielding technologies. Traditional index insurance insures against drought, for example (Osgood
and Warren, 2007), though new programs are also exploring index insurance for disease and
pests (e.g., (Norton et al., 2011; Richards et al., 2006)). Approaches are being pilot tested in
Malawi where the microlending projects actually support the ability to lend during shock events
so farmers don’t lose their assets. This is an on-going area of research that could develop
alternatives that would reduce dread. A limiting factor for weather-based index insurance is the
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need for very good estimates of the relationship between weather variables and loss, where
consideration of autocorrelation may be necessary in some cases. A model such as the one
presented here may be useful for exploring payout scenarios in weather-based insurance schemes
for loss to disease and pests.
The utility of EWS also depends upon two basic facilities: 1) the infrastructure required
to disseminate the warning, and 2) the capability to take appropriate preventive action. In the
case of livestock disease, veterinary support and other extension services may be required, and
some degree of planning in advance of a disease outbreak warning is necessary in order to
identify the most economically expedient response, which is likely to vary between
localities. Prior assessments must balance the cost of vaccination and/or treatment against the
value of livestock both in an economic and intrinsic sense so that immediate decisions can be
made.
4.3. Biological adaptation
Models designed to predict the future distribution and/or prevalence of pests and pathogens do so
primarily by simulating current physiological and phenological behaviour in relation to climate,
then applying these simulation models to new climate scenarios. This approach has a significant
limitation (beyond that of extrapolating empirical relationships past unidentified thresholds, after
which the relationship changes), which is that it assumes that the phenotype of the target
organism remains constant. In reality, responses to environmental change are likely to take the
form not only of demographic and distribution changes that track the altered distribution of
optimal conditions, but also of adaptation to new conditions. Such phenotypic responses have
been reported in various taxa (e.g. (van Heerwaarden and Hoffmann, 2007; Yom-Tov et al.,
2006), but it is often unclear whether observed changes are due to phenotypic plasticity or
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microevolution (i.e. adaptation). Phenotypic plasticity is the term given to the phenomenon of
different phenotypes (physical, physiological or behavioural) expressed by different individuals
that share the same genotype, whereas microevolution denotes adaptive shifts in the distribution
of genotypes within populations (Visser, 2008). Apparently adaptive microevolution has been
observed in Drosophila spp. (Etges and Levitan, 2008; Umina et al., 2005), and phenotypic
plasticity is well-documented in tsetse flies (Glossina spp.), which are vectors of trypanosomiasis
(Terblanche et al., 2006). Rates of microevolution and degrees of plasticity, respectively, will
dictate the ability of these two mechanisms to allow species to respond to climate change, and
some mismatches between phenotype and environment have already been observed (Memmott et
al., 2007). For soilborne disease, adaptation of soil microbes to new climate scenarios has the
potential to modify risk both directly and by changing environmental traits such as soil organic
matter (Sierra et al., 2010). Variability and autocorrelation in weather conduciveness to disease
and pest reproduction modifies the form of selection pressure. More realistic simulation models
should, where possible, take into account known degrees of phenotypic plasticity and rates of
microevolution when producing forecasts for future climatic scenarios.
4.4. General conclusions
This model illustrates how mean yield losses can change even when mean conduciveness to
loss does not. The roles of variance and the color of weather time series, and probably other
statistical features such as skewness and kurtosis (Chaves et al., 2012), also need to be
considered for formulating strategies in response to climate change (Table 2), by farmers and
other decision makers. While farmers and agricultural scientists are the decision makers most
commonly considered in the context of pest and disease risk modeling, there are a number of
other stakeholders who need to anticipate pest and disease impacts. Understanding likely effects
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of climate change on agricultural productivity can benefit corporations in terms of their decisions
about where to invest. In the public sector, universities and other institutions need to prioritize
their investments in agricultural research, teaching and extension. Scenario analysis can also
identify potential problems that will lead to larger scale issues, such as human migration and
unregulated movement of animals and plant materials. Development agencies and institutions
also need to make decisions about prioritization of development investments to support
adaptation strategies. Scales matter when addressing the human dimensions of adaptation in the
context of socio-ecological systems (Ostrom, 2007; Ostrom, 2009). Small holder farmer
adaptation takes place in a larger context, not only of climate and ecology, but social systems
(Valdivia et al., 2010). Decisions made at the local scale (field, farm household) are shaped by
the institutions (markets, policies, research and extension, private and public) at larger scales of
governance (Valdivia et al., 2010).
We modeled two simple types of observations farmers might use for decision-making.
Farmers do access and incorporate a broader range of new knowledge in their decisions
(Bebbington, 1991; Valdivia et al., 2010). Use of information often depends on the degree of
trust between the decision maker and the risk messenger (Krimsky and Plough, 1988; Slovic,
1993). Two-way participatory communications can enhance trust (Wilkins, 2001) and
contextualize the message (Marx et al., 2007). Two-way processes such as participatory research
support the inclusion of new knowledge to enable action that is adaptive (Hayward et al., 2004;
Howden et al., 2007; Valdivia et al., 2010). These processes are especially critical when the level
of uncertainty about future events will increase, and when markets don’t function well
(information is limited, inputs are not available at all or on a timely basis, or are too expensive,
and institutions are unreliable) and rural households lack safety nets. Processes that support
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understanding of the nature of variability in weather and pest risk, and that strengthen rural
community capacities for this purpose, are critical to building resilience at the local and at the
macro levels.
Variability in future climate scenarios offers challenges for policy makers. A more
parsimonious approach than attempting to draw a single conclusion about future scenarios will
be to present the full range of envisaged outcomes and allow policy to be drafted in the form of a
response to a set of possible scenarios instead of a single prediction (Stirling, 2010). A practical
strategy would then be a general preparedness for all likely eventualities, or at least a hedged
compromise in which most potential outcomes could be managed and none would be
disastrous. This general ethos is best served by stochastic models wherein parameter values are
not fixed, but chosen from an appropriate probability distribution. And rather than treating each
time point as an independent draw, taking into account autocorrelation may be important in
understanding risk and how to adapt decision-making.

Acknowledgements
Thanks to A. Challinor, J. Hansen, A. Jarvis, X. Lee, and anonymous AFM reviewers for very
helpful input for improving the manuscript. This document has been produced with the financial
assistance of the European Union, Canadian International Development Agency, World Bank,
New Zealand Ministry of Foreign Affairs and Trade and Danida and with the technical support
of IFAD. We also appreciate support by NSF Grant EF-0525712 as part of the joint NSF-NIH
Ecology of Infectious Disease program, USDA NC-RIPM Grant 2010-34103-20964, USDA
APHIS Grant 11-8453-1483-CA, and the Kansas Agricultural Experiment Station (Contribution

Agricultural and Forest Meteorology (2012) in press - 25

No. 12-204-J). The views expressed herein can in no way be taken to reflect the official opinion
of these agencies.
References
Alston, J.M., Pardey, P.G., James, J.S. and Andersen, M.A., 2009. The economics of agricultural R&D.
Annual Review of Resource Economics, 1: 537-565.
Baylis, M. and Githeko, A.K., 2006. The effects of climate change on infectious diseases of animals.
Bebbington, A., 1991. Indigenous agricultural knowledge systems, human interests and critical analysis:
reflections on farmer organization in Ecuador. Agriculture and Human Values, 8(1/2): 14-24.
Bharara, L.P. and Seeland, K., 1994. Indigenous knowledge and drought in the arid zone of Rajasthan:
weather prediction as a means to cope with a hazardous climate. Internationales Asienforum,
25(1/2): 53-71.
Borer, E.T. et al., 2012. Bridging taxonomic and disciplinary divides in infectious disease. EcoHealth, 8:
261-267.
Chakraborty, S. and Newton, A.C., 2011. Climate change, plant diseases and food security: an overview.
Plant Pathology, 60(1): 2-14.
Challinor, A.J., Wheeler, T.R., Craufurd, P.Q., Ferro, C.A.T. and Stephenson, D.B., 2007. Adaptation of
crops to climate change through genotypic responses to mean and extreme temperatures.
Agriculture Ecosystems & Environment, 119(1-2): 190-204.
Chaves, L.F., Kaneko, A., Pascual, M. and Wilson, M.L., 2008. Regime shifts in malaria incidence
patterns are related to climatic variability, but mediated by insecticide treated net use. American
Journal of Tropical Medicine and Hygiene, 79(6): 9-10.
Chaves, L.F., Morrison, A.C., Kitron, U.D. and Scott, T.W., 2012. Nonlinear impacts of climatic
variability on the density-dependent regulation of an insect vector of disease. Global Change
Biology, 18(2): 457-468.

Agricultural and Forest Meteorology (2012) in press - 26

Cheatham, M.R. et al., 2009. Beyond yield: Plant disease in the context of ecosystem services.
Phytopathology, 99(11): 1228-1236.
Cisneros, F. and Mujica, N., 1999. Impacto del cambio climático en la agricultura: Efectos del fenómeno
El Niño en los cultivos de la costa central, Consejo Nacional del Ambiente (CONAM), Lima,
Peru.
Coakley, S.M., 1979. Climate variability in the Pacific Northwest and its effect on stripe rust disease of
winter wheat. Climatic Change, 2(1): 33-51.
Covello, V.T., 1983. The perception of technological risks: A literature review. Technological
Forecasting and Social Change, 23(4): 285-297.
Dobson, A., 2009. Climate variability, global change, immunity, and the dynamics of infectious diseases.
Ecology, 90(4): 920-927.
Dury, M. et al., 2011. Responses of European forest ecosystems to 21(st) century climate: assessing
changes in interannual variability and fire intensity. Iforest-Biogeosciences and Forestry, 4: 8299.
Etges, W.J. and Levitan, M., 2008. Variable evolutionary response to regional climate change in a
polymorphic species. Biological Journal of the Linnean Society, 95(4): 702-718.
Fitzpatrick, M.C. and Hargrove, W.W., 2009. The projection of species distribution models and the
problem of non-analog climate. Biodiversity and Conservation, 18(8): 2255-2261.
García-Carreras, B. and Reuman, D.C., 2011. An empirical link between the spectral colour of climate
and the spectral colour of field populations in the context of climate change. Journal of Animal
Ecology, 80(5): 1042-1048.
Garner, M.G., Hess, G.D. and Yang, X., 2006. An integrated modelling approach to assess the risk of
wind-borne spread of foot-and-mouth disease virus from infected premises. Environmental
Modeling & Assessment, 11(3): 195-207.
Garrett, K.A., 2012. Information networks for plant disease: Commonalities in human management
networks and within-plant signaling networks. European Journal of Plant Pathology, 133:75–88.
Agricultural and Forest Meteorology (2012) in press - 27

Garrett, K.A. et al., 2011. Complexity in climate-change impacts: An analytical framework for effects
mediated by plant disease. Plant Pathology, 60(1): 15-30.
Garrett, K.A. et al., 2009. Intraspecific functional diversity in hosts and its effect on disease risk across a
climatic gradient. Ecological Applications, 19(7): 1868-1883.
Gent, D.H., De Wolf, E. and Pethybridge, S.J., 2011. Perceptions of Risk, Risk Aversion, and Barriers to
Adoption of Decision Support Systems and Integrated Pest Management: An Introduction.
Phytopathology, 101(6): 640-643.
Gilles, J.L. and Valdivia, C., 2009. Local forecast communication in the Altiplano. Bulletin of the
American Meteorological Society, 90(1): 85-91.
Giorgi, F., Bi, X.Q. and Pal, J., 2004. Mean, interannual variability and trends in a regional climate
change experiment over Europe. II: climate change scenarios (2071-2100). Climate Dynamics,
23(7-8): 839-858.
Gobel, B., 2002. Risk and Culture in the Andes: Differences between Indigenous and Western
Developmental Perspectives. In: G. Bohm and J.N.e. al. (Editors), Environmental Risks:
Perception, Evaluation and Management. Research in Social Problems and Public Policy, pp.
191-220.
Hansen, J., Marx, S. and Weber, E., 2004. The Role of Climate Perceptions, Expectations, and Forecasts
in Farmer Decision Making: The Argentine Pampas and South Florida, International Research
Institute for Climate Prediction, Palisades, NY.
Haylock, M.R. and Goodess, C.M., 2004. Interannual variability of european extreme winter rainfall and
links with mean large-scale circulation. International Journal of Climatology, 24(6): 759-776.
Hayward, C., Simpson, L. and Wood, L., 2004. Still left out in the cold: Problematising participatory
research and development. Sociologia Ruralis, 44(1): 95-+.
Hazell, P.B.R., 1992. The appropriate role of agricultural insurance in developing countries. Journal of
International Development, 4(6): 567-581.

Agricultural and Forest Meteorology (2012) in press - 28

Hazell, P.B.R. and Hess, U., 2010. Drought insurance for agricultural development and food security in
dryland areas. Food Security, 2(4): 395-405.
Hertel, T.W. and Rosch, S.D., 2010. Climate change, agriculture, and poverty. Applied Economic
Perspectives and Policy, 32(3): 355-385.
Hinman, G.W., Rosa, E.A., Kleinhesselink, R.R. and Lowinger, T.C., 1993. Perceptions of nuclear and
other risks in Japan and the United States. Risk Analysis, 13(4): 449-455.
Howden, S.M. et al., 2007. Adapting agriculture to climate change. Proceedings of the National Academy
of Sciences of the United States of America, 104(50): 19691-19696.
Johnson, B.B. and Covello, V.T. (Editors), 1987. The Social and Cultural Construction of Risk. Reidel,
Dordrecht.
Juroszek, P. and von Tiedemann, A., 2011. Potential strategies and future requirements for plant disease
management under a changing climate. Plant Pathology, 60(1): 100-112.
Kates, R.W. and Kasperson, J.X., 1983. Comparative risk analysis of technological hazards. Proceedings
of the National Academy of Sciences of the United States of America-Physical Sciences, 80(22):
7027-7038.
Krimsky, S. and Plough, A., 1988. Environmental hazards: Communicating risk as a social process.
Auburn House, Dover, MA.
Kriss, A.B., Paul, P.A. and Madden, L.V., 2012. Variability in Fusarium head blight epidemics in relation
to global climate fluctuations as represented by the El Nino-Southern Oscillation and other
atmospheric patterns. Phytopathology, 102(1): 55-64.
Kroschel, J. et al., 2010. Predicting the effects of global warming on insect pests, CGIAR SP-IPM.
Li, X. et al., 2010. The uniqueness of the soybean rust pathosystem: An improved understanding of the
risk in different regions of the world. Plant Disease, 94(7): 796-806.
Luck, J. et al., 2011. Climate change and diseases of food crops. Plant Pathology, 60(1): 113-121.
Lybbert, T.J. and Bell, A., 2010. Why drought tolerance is not the new Bt. Nature Biotechnology, 28(6):
553-554.
Agricultural and Forest Meteorology (2012) in press - 29

Margosian, M.L., Garrett, K.A., Hutchinson, J.M.S. and With, K.A., 2009. Connectivity of the American
agricultural landscape: Assessing the national risk of crop pest and disease spread. BioScience,
59(2): 141-151.
Marks, L.A., 2001. Communicating about agrobiotechnology. AgBioForum, 4: 152-154.
Marx, S.M. et al., 2007. Communication and mental processes: Experiential and analytic processing of
uncertain climate information. Global Environmental Change-Human and Policy Dimensions,
17(1): 47-58.
McDermott, J.J. and Coleman, P.G., 2001. Comparing apples and oranges - model-based assessment of
different tsetse-transmitted trypanosomosis control strategies. International Journal for
Parasitology, 31(5-6): 603-609.
McRoberts, N., Hall, C., Madden, L.V. and Hughes, G., 2011. Perceptions of disease risk: From social
construction of subjective judgments to rational decision making. Phytopathology, 101(6): 654665.
Meinke, H. and Stone, R., 2005. Seasonal and inter-annual climate forecasting: The new tool for
increasing preparedness to climate variability and change in agricultural planning and operations.
Climatic Change, 70(1-2): 221-253.
Memmott, J., Craze, P.G., Waser, N.M. and Price, M.V., 2007. Global warming and the disruption of
plant-pollinator interactions. Ecology Letters, 10(8): 710-717.
Moslonka-Lefebvre, M. et al., 2011. Networks in plant epidemiology: From genes to landscapes,
countries, and continents. Phytopathology, 101(4): 392-403.
Mumford, J.D. and Norton, G.A., 1984. Economics of decision making in pest management. Annual
Review of Entomology, 29: 157-174.
Norton, M. et al., 2011. Investigating Demand for Weather Index Insurance: Experimental Evidence from
Ethiopia., Agricultural and Applied Economics Association Annual Meeting, July 24-26, 2011.
http://purl.umn.edu/104022, Pittsburgh, Pennsylvania.
Oerke, E.C., 2006. Crop losses to pests. Journal of Agricultural Science, 144: 31-43.
Agricultural and Forest Meteorology (2012) in press - 30

Orlandini, S. et al., 2008. Impacts of Climate Change and Variability on European Agriculture Results of
Inventory Analysis in COST 734 Countries. In: L.G.R.T.R.M. Gimeno (Editor), Trends and
Directions in Climate Research. Annals of the New York Academy of Sciences, pp. 338-353.
Osgood, D. and Warren, D., 2007. Drought insurance in Malawi. In: M.E. Hellmuth, A. Moorhead, M.C.
Thomson and J. Williams (Editors), Climate Risk Management in Africa: Learning from Practice.
International Research Institute for Climate and Society Columbia University, New York, USA.
Ostrom, E., 2007. A diagnostic approach for going beyond panaceas. Proceedings of the National
Academy of Sciences of the United States of America, 104(39): 15181-15187.
Ostrom, E., 2009. A general framework for analyzing sustainability of social-ecological systems. Science,
325(5939): 419-422.
Pardey, P., Alston, J. and Piggot, R., 2006. Agricultural R&D in the Developing World: Too Little, Too
Late? . International Food Policy Research Institute, Washington, DC.
Parker, R., Mathis, C., Looper, M. and Sawyer, J., 2002. Anthrax and livestock. In: C.E. Service (Editor).
University of New Mexico, Las Cruces, New Mexico.
Pascual, M., Cazelles, B., Bouma, M.J., Chaves, L.F. and Koelle, K., 2008a. Shifting patterns: malaria
dynamics and rainfall variability in an African highland. Proceedings of the Royal Society BBiological Sciences, 275(1631): 123-132.
Pascual, M., Chaves, L.F., Cash, B., Rodo, X. and Yunus, M., 2008b. Predicting endemic cholera: the
role of climate variability and disease dynamics. Climate Research, 36(2): 131-140.
Patt, A., Suarez, P. and Gwata, C., 2005. Effects of seasonal climate forecasts and participatory
workshops among subsistence farmers in Zimbabwe. Proceedings of the National Academy of
Sciences of the United States of America, 102(35): 12623-12628.
Pautasso, M. et al., 2010. Plant health and global change - some implications for landscape management.
Biological Reviews, 85(4): 729-755.
Poor, H.V., 1994. An Introduction to Signal Detection and Estimation, 2nd Edition. Springer.

Agricultural and Forest Meteorology (2012) in press - 31

Porter, J.R. and Semenov, M.A., 2005. Crop responses to climatic variation. Philosophical Transactions
of the Royal Society B-Biological Sciences, 360(1463): 2021-2035.
R Development Core Team, 2011. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria.
Richards, T.J. et al., 2006. Managing economic risk caused by insects: bug options. Agricultural Finance
Review, 66: 27-45.
Rohani, P., Miramontes, O. and Keeling, M.J., 2004. The colour of noise in short ecological time series
data. Mathematical Medicine and Biology-a Journal of the Ima, 21(1): 63-72.
Rohr, J.R. and Raffel, T.R., 2010. Linking global climate and temperature variability to widespread
amphibian declines putatively caused by disease. Proceedings of the National Academy of
Sciences of the United States of America, 107(18): 8269-8274.
Rosenzweig, C., Iglesias, A., Yang, X.B., Epstein, P.R. and Chivian, E., 2001. Climate Change and
Extreme Weather Events; Implications for Food Production, Plant Diseases, and Pests. Global
Change & Human Health, 2(2): 90-104.
Rowell, D.P., 2005. A scenario of European climate change for the late twenty-first century: seasonal
means and interannual variability. Climate Dynamics, 25(7-8): 837-849.
Rubel, F. and Fuchs, K., 2005. A decision-support system for real-time risk assessment of airborne spread
of the foot-and-mouth disease virus. Methods of Information in Medicine, 44(4): 590-595.
Ruokolainen, L., Lindén, A., Kaitala, V. and Fowler, M.S., 2009. Ecological and evolutionary dynamics
under coloured environmental variation. Trends in Ecology & Evolution, 24(10): 555-563.
Savary, S. et al., 2011. International agricultural research tackling the effects of global and climate
changes on plant diseases in the developing world. Plant Disease, 95(10): 1204-1216.
Scherm, H. and van Bruggen, A.H.C., 1994. Global warming and nonlinear growth: how important are
changes in average temperature? Phytopathology, 84(12): 1380-1384.
Scherm, H. and Yang, X.B., 1995. Interannual variations in wheat rust development in China and the
United States in relation to the El Nino/Southern Oscillation. Phytopathology, 85(9): 970-976.
Agricultural and Forest Meteorology (2012) in press - 32

Seneviratne, S.I., Luethi, D., Litschi, M. and Schaer, C., 2006. Land-atmosphere coupling and climate
change in Europe. Nature, 443(7108): 205-209.
Seth, A., Thibeault, J., García, M. and Valdivia, C., 2010. Making Sense of 21st century climate change
in the Altiplano: Observed trends and CMIP3 projections Annals of the Association of American
Geographers, 100(4): 835-847.
Shaw, M.W. and Osborne, T.M., 2011. Geographic distribution of plant pathogens in response to climate
change. Plant Pathology, 60(1): 31-43.
Sierra, J., Brisson, N., Ripoche, D. and Deque, M., 2010. Modelling the impact of thermal adaptation of
soil microorganisms and crop system on the dynamics of organic matter in a tropical soil under a
climate change scenario. Ecological Modelling, 221(23): 2850-2858.
Skees, J., Hazell, P.B.R. and Miranda, M., 1999. New approaches to crop yield insurance in developing
countries, EPTD Discussion Paper No 55. International Food Policy Research Institute,
Washington, D. C.
Slovic, P., 1987. Perception of risk. Science, 236(4799): 280-285.
Slovic, P., 1993. Perceived risk, trust, and democracy. Risk Analysis, 13(6): 675-682.
Slovic, P., Finuccane, M., Peters, E. and MacGregor, D.G., 2002. The affect heuristic. In: T. Gilovich, D.
Griffin and D. Kahneman (Editors), Heuristics and Biases: The Psychology of Intuitive
Judgment. Cambridge University Press, New York.
Slovic, P. and Weber, E.U., 2002. Perception of Risk posed by Extreme Events, Risk management
strategies in an Uncertain World, Palisades NY.
Smith, V. and Watts, M., 2009. Index Based Agricultural Insurance in Developing Countries: Feasibility,
Scalability and Sustainability (Paper prepared for the Gates Foundation).
Sørensen, J.H., Mackay, D.K.J., Jensen, C.Ø. and Donaldson, A.I., 2000. An integrated model to predict
the atmospheric spread of foot-and-mouth disease virus. Epidemiology and Infection, 124(3):
577-590.

Agricultural and Forest Meteorology (2012) in press - 33

Sparks, A.H., Forbes, G.A., Hijmans, R.J. and Garrett, K.A., 2011. A metamodeling framework for
extending the application domain of process-based ecological models. Ecosphere, 2(8): art90.
Stirling, A., 2010. Keep it complex. Nature, 468(7327): 1029-1031.
Sutmoller, P., Barteling, S.S., Olascoaga, R.C. and Sumption, K.J., 2003. Control and eradication of footand-mouth disease. Virus Research, 91(1): 101-144.
Terblanche, J.S., Klok, C.J., Krafsur, E.S. and Chown, S.L., 2006. Phenotypic plasticity and geographic
variation in thermal tolerance and water loss of the tsetse Glossina pallidipes (Diptera :
Glossinidae): Implications for distribution modelling. American Journal of Tropical Medicine and
Hygiene, 74(5): 786-794.
Trnka, M. et al., 2011. Agroclimatic conditions in Europe under climate change. Global Change Biology,
17(7): 2298-2318.
Umina, P.A., Weeks, A.R., Kearney, M.R., McKechnie, S.W. and Hoffmann, A.A., 2005. A rapid shift in
a classic clinal pattern in Drosophila reflecting climate change. Science, 308(5722): 691-693.
Valdivia, C. et al., 2010. Adapting to Climate Change in Andean Ecosystems: Landscapes, Capitals, and
Perceptions Shaping Rural Livelihood Strategies and Linking Knowledge Systems. Annals of the
Association of American Geographers, 100(4): 818-834.
van Heerwaarden, B. and Hoffmann, A.A., 2007. Global warming: Fly populations are responding rapidly
to climate change. Current Biology, 17(1): R16-R18.
Vasseur, D.A. and Yodzis, P., 2004. The color of environmental noise. Ecology, 85(4): 1146-1152.
Visser, M.E., 2008. Keeping up with a warming world; assessing the rate of adaptation to climate change.
Proceedings of the Royal Society B-Biological Sciences, 275(1635): 649-659.
Wheeler, T.R., Craufurd, P.Q., Ellis, R.H., Porter, J.R. and Prasad, P.V.V., 2000. Temperature variability
and the yield of annual crops. Agriculture Ecosystems & Environment, 82(1-3): 159-167.
Whitehead, H. and Richerson, P.J., 2009. The evolution of conformist social learning can cause
population collapse in realistically variable environments. Evolution and Human Behavior, 30(4):
261-273.
Agricultural and Forest Meteorology (2012) in press - 34

Wilkins, L., 2001. A primer on risk: An Interdisciplinary approach to thinking about public understanding
of agbiotech. AgBioForum, 4: 163-172.
Wilkinson, K. et al., 2011. Infectious diseases of animals and plants: an interdisciplinary approach
Introduction. Philosophical Transactions of the Royal Society B-Biological Sciences, 366(1573):
1933-1942.
Wilmers, C.C., Post, E. and Hastings, A., 2007. A perfect storm: The combined effects on population
fluctuations of autocorrelated environmental noise, age structure, and density dependence.
American Naturalist, 169(5): 673-683.
Wosu, L.O., Okiri, J.E. and Enwezor, P.A., 1992. Optimal time for vaccination against peste des petits
ruminants (PPR) disease in goats in the humid tropical zone in southern Nigeria - moment
optimum de vaccination des caprins contre la peste des petits ruminants (PPR) dans la zone
tropicale humide du sud du Nigéria. In: B. Rey, S.H.B. Lebbie and L. Reynolds (Editors), Small
ruminant research and development in Africa. Proceedings of the First Biennial Conference of the
African Small Ruminant Research Network. ILRAD, Nairobi, Kenya.
Yom-Tov, Y., Yom-Tov, S., Wright, J., Thorne, C.J.R. and Du Feu, R., 2006. Recent changes in body
weight and wing length among some British passerine birds. Oikos, 112(1): 91-101.

Table 1. General effects of weather/climate on livestock and crop productivity (in the absence of
pests and disease), disease impacts, and arthropod pest impacts.

Livestock

Crop

Pathogen

Arthropod

Weather
variables
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Temperature

Precipitation

Will affect water

Affects

Important for

Broadly

requirements and assimilation rate

determining the

important for

health due to

and phenological

rate of infection

development,

heat stress

phases

or development

survival and

processes

reproduction

Indirect through

Important for

Proxy for surface

Affects

importance for

growth

wetness and

population

growth of

responsible for

dynamics and is

pastures

spore spread in

key for

the environment

development of
mosquitoes,
midges

Photoperiod

Indirect through

Important for

Affects

Affects insect

importance for

vegetative and

development of

development

growth of

generative crop

some pathogens

pastures

development

Solar radiation

Affects plant

Affects survival

Influences

growth and

of pathogens,

survivorship and

phenotype

particularly

egg reproduction

wind-dispersed

and herbivory in

spores

plant insect
interactions

Surface wetness

Will affect foot

Key for many
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health from non-

foliar diseases

communicable

(high resolution

diseases

often used)

Relative

Will affect water

Important for

Proxy for surface

humidity

requirements

evapotranspiration wetness

Important for
survival and
activity of ticks
and insects
especially
parasitoids

Soil moisture

Broadly important

Key for many

Important for

soilborne plant

insects pupating

diseases

in soil; may
affect tick
response to air
humidity

Speed of

Managers’

Change to

Rapidly take

Rapidly take

response to

change to better

resistant varieties

advantage of

advantage of

weather shifts

adapted breeds

or species be slow

conducive

conducive

and extremes

may be very

extremes

extremes

slow

Resolution for
decision support
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models
Spatial

Typically farm-

From field to

From field to

From field to

scale, with

regional and

regional and

regional and

potential for

global scale

global scale

global scale

Daily or monthly

Hourly or daily

Daily or weekly

scaling up
Temporal

Medium- to
long-term

Autocorrelation
Spatial

Low

Low

Potentially high

Potentially high

Temporal

Higher for long-

Higher for

Potentially high

Potentially high

lived animals

perennials

Medium

Medium

Low (affected by

Lower

Model
longevity/
portability/
generality
(without need for
changes in
parameters)
Spatial

the hourly
temporal
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resolution)
Temporal

Longer

Longer

Potentially

Shorter

extremely short

Typical farmer

High

High

Moderate

Lower

knowledge level
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Table 2. The effects of changes in the probability distribution of weather conduciveness to pests,
disease, and impacts.

Change in trait of

Impact for pests and diseases

Impact for decision makers

Increasing mean weather

Increasing mean weather

conduciveness leads to higher

conduciveness may make a

mean potential yield losses

crop or breed uneconomic to

weather
conduciveness to
pests and disease
Mean

produce
Variance

Increasing variance in weather

Increasing variance in weather

conduciveness leads to higher

conduciveness increases the

mean potential yield losses if

importance of good models

mean is low, and leads to lower

(good decision rules) for

mean potential yield losses if

decision makers

mean is high
Color of noise

Darker pink, red, or brown

Management decision-making

noise results in longer strings of

can be more successful when

conducive or non-conducive

conditions are more consistent

conditions
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Figure Captions

Figure 1. Examples of the time series generated by the yield loss model. When a = 0, the Zt
series is white noise. When a = 0.5 or a = 0.9, the Zt series is lighter pink and darker pink noise.
As a increases, the greater level of temporal autocorrelation produces a smoother series Zt. In
the no-yield-recovery model, the Rt series of ‘weather conduciveness to yield loss from pests or
diseases’ (from equation 1) has 0 as a minimum value. The resulting cumulative yield loss series
(from equation 2) also tend to be smoother for higher a. The examples shown here are for m = 0
and σ2 = 1 in the no-yield-recovery model.

Figure 2. Percentage yield loss (smoothed) for different values of a and m for the ‘no-yieldrecovery’ model for 10 time steps (generations). When a = 0, there is no temporal correlation,
and temporal correlation increases with increasing a. When m is low, weather conduciveness to
disease development is low.

Figure 3. Proportion incorrect decisions based on two different decision rules about use of midseason management. When a = 0, there is no temporal correlation, and temporal correlation
increases with increasing a. When m is low, mean weather conduciveness to disease
development is low. Circles indicate performance of decision-making based on current
information through the fifth of ten generations; squares indicate performance of decisionmaking based on past information from three previous years. Filled symbols indicate false
negative decisions, such that management was not applied when it would have increased profit.
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Open symbols indicate false positive decisions, such that management was applied when it
decreased profit.
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