STEMRUST_G_desc (this file) is an in-depth description of the model.  It is excerpted from a paper authored by W. Pfender and D. Upper, accepted for publication in Phytopathology (2014), where it is in the public domain as the work of a US Federal employee.
Overview
A simulation model (STEMRUST_G) was created for stem rust (caused by Puccinia graminis subsp. graminicola) in perennial ryegrass grown to maturity as a seed crop. The model has a daily time step and is driven by weather data and an initial input of disease severity from field observation.  Key aspects of plant growth are modeled.  Disease severity is modeled as rust population growth, where individuals are pathogen colonies (pustules) grouped in cohorts defined by date of initiation and plant part infected.  Infections due to either aerial spread or within-plant contact spread are modeled.  Pathogen cohorts progress through life stages that are modeled as disease cycle components (colony establishment, latent period, infectious period, sporulation) affected by daily weather variables, plant growth and fungicide application.  Fungicide effects on disease cycle components are modeled for two commonly-used active materials, applied pre-infection and/or post-infection.  An action threshold for fungicide application was derived empirically, using a constructed weather input file favorable for disease development. The action threshold is a negative threshold, representing a level of disease (latent plus visible) below which damaging levels of disease are unable to develop before the yield-critical crop stage. 
Modeling approach.  The model (written in the computer programming language Perl) is a simulator of the stem rust population over time, with a daily time step.  The size of the population is expressed as the number of rust colonies (uredinia) occurring on the ryegrass plants occupying 30 cm of row; because the rows typically are planted 30 cm apart, this population is also the number of rust pustules in 900 cm2 (1 ft2) of field area. The word "colony" is used for convenience to designate each member of the population, even though the colony is initially a germinating spore that then progresses through establishment of an asymptomatic (latent) colony to become an erumpent pustule (visible and sporulating), then a dead (nonsporulating) pustule. The overall approach is to model the rust population as a collection of cohorts, each cohort defined as the colonies originating on a specific day and in relation to a specific anatomical part of the plants.  Each cohort's size (number of colonies) is determined at the time it originates, and subsequently  can change each day in response to aging, plant development and fungicide activity, as will be described later in this section of the text.  The total size of the rust population, and/or the total size of some subset (e.g. pustules killed by fungicide), on any given day is obtained by summing that category across all cohorts.  Cohort size at origination, and daily changes, are determined by model subroutines that quantify disease cycle processes and interact with plant growth.  External drivers are inputs of weather data, fungicide exposure, an initializing value for rust population size and a plant growth benchmark.  The model is not spatially explicit, i.e. there is no attempt to account mechanistically for focus development or its effect on epidemic dynamics. Nomenclature for cohorts is presented in Table 1.

Input data.  The model requires a value for the initial size of the rust population, called the "seed cohort", at the beginning of the model period (typically set to 1 March). This initial value is observed directly by field scouting on that date or estimated by the model from an observation on a later date.   For the latter case there is a solver subroutine that runs the model repeatedly to estimate the size that the seed cohort would have been on 1 March, in order to produce the observed value on its observation date. 

The model also requires a plant development biofix observation: the date on which the collar of the flag leaf first appears.  In practice this is obtained by field scouting, but the model has a default value if this input is not available.

The daily weather input data are in a file summarizing weather observations from the site of the epidemic.  There is one row (line) of data for each day of the season from 1 March to the present, and the data columns are date, daily rainfall total, daily weather favorability for infection, and daily heat units.  The daily weather favorability is a value calculated from periodic (e.g. every 15, 30 or 60 min) observations of temperature and leaf wetness, according to a previously-published algorithm (18).  The observations typically are from an automated weather station in the field.  The daily heat units, termed LPU for "latent period units", are calculated as previously described (17), and scaled so that 1.0 LPU is the heat-units accumulation needed for the pathogen to complete a latent period (time between infection initiation and eruption of the sporulating pustule). The cumulative LPU since 1 March is used as the time-like parameter in terms of which most other events are scheduled, although for some subroutines calendar time (days) is the time driver. The weather input file is designated the “.ril” file, for rain, infection favorabiity value, latent period units.

The model accepts inputs for fungicide application, specifying date of application and the fungicide (from a list of 3 commonly-used fungicides for rust in grasses) applied at full labeled rate.

Modeled biological processes (subroutines). Daily changes in the rust population (colony cohort size and class composition) and plant growth are modeled as several interacting subroutines driven by the inputs described in the previous paragraphs. The following paragraphs provide a description and some of the basic algorithms of the subroutines, and Tables 1 to 5 list equations and parameters.

 Plant growth. The timing and rate of tiller extension has an important effect on stem rust epidemic development because there is a process of within-plant spread of disease (19) that depends directly on dynamics of internode elongation (described in detail in a subsequent section of this paper).  This process, in which inoculum is dispersed from a sheath lesion onto the plant’s culm tissue directly beneath the lesion, is differently affected by fungicides that vary in their ability to interrupt it (20,23). Grass plants grow as an elongating set of telescoping cylinders (internodes), and each internode has a leaf blade as well as a leaf sheath that wraps around a stem segment. The top (last-emerged) segment, typically the longest, of the plant bears the inflorescence.  During tiller elongation, each new segment emerges from within the next-older segment.  The plant-part nomenclature used in the model is shown in Fig. 1, reproduced from a previous publication (23).  As described in that publication, the rate of growth and the size of each internode can be calculated with equations of a sigmoid curve that uses LPU as the independent variable (Table 2; see also Fig. 2 in [23]). The "b" parameter (Table 2) controls the timing of initiation for each segment.  The relative values of the "b" parameters for the different plant-parts control how they overlap in time, and the plant development biofix date (see 'Input data' section) places the whole sequence in time.  Only the top four internodes (including inflorescence) of the plant are explicitly modeled.  A ryegrass plant typically has several additional, older internodes that are smaller and less important in stem rust epidemic development. Plant surface areas for each plant-part class are calculated as the area of a cylinder (Table 2).

Another aspect of plant growth calculated independently in a different subroutine is AT, the total plant area (cm2) per 30 cm of row (Table 2).  The expression for total plant area was derived empirically by fitting a polynomial equation to data from measurements of destructively-sampled plant material per 30 cm of row, collected periodically during several different growing seasons. 

The equation for AT (Table 2) describes an increase in plant area to a maximum (12,877 cm2 at LPU = 5.5), then a decrease as leaves senesce and die (Fig. 2).  Total plant area is used in the model for calculating available sites for infection.  The decrease in plant area (starting at LPU = 5.5) is used to model the decrease in available infection sites and in number of existing colonies (latent, erumpent or dead) of this biotrophic pathogen on plant tissue that is removed by senescence.  Number of potentially infectible sites is calculated as total plant area divided by the area of an average pustule, taken to be 5mm2. AT includes the area of the top four internodes, as well as the remainder of the plant biomass (leaf blades and lower internodes) which is not independently modeled.  This remaining area is placed in the plant-part class "other", and its value is obtained by subtracting from AT the summed areas of the explicitly-modeled internodes. 

Infections.  Two different types of infection process are modeled: infections due to aerial spread of inoculum, and infections spread by direct contact.  In aerial spread (Table 3), spores originating in pustules are considered to be dispersed randomly across the classes of extant plant area (sheath, stem, leaves), and there is no relationship specified between location of the inoculum source and the new infection site (i.e., spores arising on all plant parts enter a common pool from which they are distributed uniformly onto the area of all plant parts). There is no modeling of spatial distribution, such as aggregation and focus development. This assumption of random dispersal is clearly a simplification of the actual phenomenon, but was used to make the model more tractable in our modeling effort. For contact spread (Table 4), new infections occur as a result of contact between particular parts of the extending tiller.  Specifically, contact spread occurs from infected leaf sheaths to the internode it encloses, as that internode emerges (described in detail in a subsequent paragraph and in [19]).

Infections from aerial spread.  The daily number of new infections of this type is a function of several factors (Table 3): the inoculum load, favorability of weather, susceptibility of plant tissue, amount of uninfected plant area available and an optional fungicide factor.  The daily number of new infections of this type is calculated separately for each class of plant-part (stem0, stem1, sheath1, etc.; see Table 2). 

Inoculum for these infections is based on the number of erumpent pustules in the rust population on the previous day.  A table in the model program lists the proportion of a pustule's lifetime spore production that is released on each day of its 23-day life.  The proportions are based on a curve fitted to data obtained by collecting spores from pustules at 2 to 3 day intervals (9). Thus each cohort of pustules produces a specified proportion of its lifetime total inoculum on any given day, according to its age on that day, multiplied by the population size of that cohort. Total inoculum produced on a given day is the sum of all cohorts' sporulation on that day. After this calculation the effective inoculum is then reduced if there was rainfall in the previous 24 hours, assumed to wash some of the spores from pustules and onto the ground thereby preventing their aerial dispersal (Pfender and Gent, unpublished).  Others have noted a detrimental effect to Puccinia graminis spore germination due to excessive water on leaves (27), which also might be correlated with amount of rainfall. For the reduction due to rain, inoculum is multiplied by 10 -(mm rain/w) , where w is a scaling parameter.

The daily weather favorability factor, provided in the .ril input file, is calculated from the daily temperature and moisture data as described in the "Inputs" section of this paper.  Weather favorability factor value (range 0 to 3.0) is used as an exponent of 10 to produce WFctr (range 0 to 1000), the relative favorability for infection success by the inoculum present (18).

A decrease in susceptibility to rust infection with leaf age has been reported for other rust diseases (3,4,24).  We previously conducted experiments in which perennial ryegrass plants of several different developmental stages were inoculated simultaneously under identical conditions, and we found that older tissue was less susceptible than younger tissue within each developmental stage (19). Thus the highest disease severities occurred on expanding or newly-expanded leaves or stem segments (19).  Also supporting the idea that susceptibility decreases with tissue age is the observation that, during an epidemic of Lolium stem rust in the field, mature leaf and stem tissues remain uninfected despite infection-favorable weather and large amounts of ambient inoculum (author, personal observation).  The model incorporates the inverse correlation of susceptibility with tissue age, by applying a susceptibility factor to each class of plant part (stem 0, sheath 1, stem 1, etc).  Susceptibility factor is 1.0 (fully susceptible) until the plant part reaches full extension (defined as 1 cm shorter than its asymptotic maximum length), then decreases at a linear rate over the next 1.5 LPU to reach 0.01, at which value it remains.  For the "other" category of plant parts (which is principally the leaf blades), the same calculation is applied to each cohort of leaves (leaf 5, leaf 4, etc.) and combined into one curve by averaging susceptibility x area across all leaf cohorts for each day of the season.

The infection ratio k (Table 3) is a proportionality factor that must be empirically calibrated from field observations as described later in this paper.  The function of k is to incorporate several known and unknown processes that link inoculum quantity (sporulating pustule equivalents) to number of new infections produced under optimally-favorable weather conditions (and absence of fungicide).  The probability of successful spore dispersal, i.e. probability that spores leaving a source pustule will arrive at a potential infection site, is implicit as one component affecting this proportion, but is not explicitly modeled. This dispersal probability is affected by many spatial aspects (e.g. aggregated distribution of source pustules in the field, effect of canopy position on dispersal), and other processes that are not specified in this model.

 There is a fungicide factor F (see Fungicide Effects, below), ranging from 0 to 1.0, that can (among other effects) reduce the viability of the inoculum that arrives at the plant surface.

The inoculum, weather favorability, infection ratio and fungicide factor are used to compute the inoculum’s probability of infection per unit plant area in the canopy.  A spore that arrives at a plant surface where conditions are favorable for infection may, however, be unable to cause an infection (i.e. unable to add to the rust population) because that site is already infected.  The available_sites factor in the equation accounts for this process by subtracting infected sites from plant area.  Calculation of number of available sites is done separately for each plant-part class, and this calculation results in infections being distributed among plant-part classes proportional to their relative contribution to total plant area available for infection. 

Infections from contact spread.  During the tiller extension phase of plant growth, stem rust disease can spread from an active pustule on a leaf sheath to the enclosed plant parts (younger sheaths and stems) as they elongate within the cylinder formed by the infected sheath (19).  By this process (Table 4), a single active pustule on the sheath (a "source pustule") can produce 10's or 100's of additional infections on the extending young tissues enclosed within the sheath. Contact spread is thus very important quantitatively in stem rust epidemic development. A quantitative model for the number of new infections produced per day per source pustule by this process has been published previously (23). Briefly, the equations for plant internode growth are used to calculate length of the enclosed plant part receiving inoculum from the interior-facing surface of a source pustule each day during elongation. The number of source pustules on a given class of sheaths (e.g. sheath3, sheath2, sheath1) on a given day is derived from the assignment of "aerial-spread infections" (see previous section) to that sheath class one latent period earlier.  The number of new daily infections from contact spread is thus proportional to the number of source pustules and elongation rate of enclosed internodes.  Each class of sheath plus enclosed-internode pairs is modeled separately. Correction is made for source pustules that overlie enclosed internode tissue that has already been infected by a source pustule located lower on the sheath.  Some of the infections from contact spread will never be exposed to visible observation because they occur on that part of the internode that remains enclosed in the sheath even at maturity; the model accounts for this outcome through application of the equations for stem and sheath elongation.    

Population structure of pustules.  The rust population is modeled as a collection of cohorts (Table 2). Based on the known biology of this pathogen, in which infection occurs on a daily cycle near dawn (18), new cohorts are initiated once per day.  Each cohort is defined as the new infections (specified as aerial- or contact-spread type) started on a given day on a given plant part. At initiation, the colonies in a cohort are classed as "latent".  At 1.0 LPU after initiation of a cohort, the colonies in that cohort change from "latent" to "erumpent".  The pustules in a cohort change from "erumpent" to "dead" at 2.5 LPU after initiation (1.5 LPU after eruption).  For pustules derived from contact spread, the additional classes "covered" or "exposed" describe whether or not the section of the internode on which they reside has emerged from the enclosing sheath.  A pustule must be erumpent, or erumpent-exposed in the case of cohorts derived from contact spread, to contribute to the inoculum factor in the equation for aerial spread and to be classed as observable disease.

Fungicide effects.   The two fungicide classes that are used most commonly to manage ryegrass stem rust are triazoles and strobilurins.  In a previous publication we presented equations for the pre- and post-infection activity of these fungicides, as well as their differing effects on the contact-spread process, based on our data from field and greenhouse experiments (20).  Description of the fungicide submodel, and its validation in field experiments, has been presented (23). The following commercial products (Syngenta, Inc., Basel, Switzerland) and their active ingredients (a.i.) used in these experiments were: "Tilt" (189 g. a.i. propiconazole/ha), "Quadris" (165 g. a.i. azoxystrobin/ha ) or  “Quilt” (185 g a.i. propiconazole and 111 g a.i. azoxystrobin per ha).  

In the rust simulation model, application of a fungicide produces the following actions (Tables 5 and 6): 

i)  In cases when the fungicide has been applied before the infection event, it reduces the effectiveness of inoculum in the 'Infection" stage of the aerial-spread infection process. Fungicide activity decreases as time between application and infection initiation increases.  This effect (often termed the "persistence" of the fungicide) is implemented in the pathogen survival factor ("F", range 0 to 1.0), i.e. the value of F gets larger (more pathogen population units survive) as fungicide activity decreases with time. F is multiplied by the "inoculum" term in the infection equation (see also Table 3).  If fungicide applications are made at intervals less than 21 days, the effects due to each fungicide application are multiplied together for the overlapping days.  

ii) In cases when the fungicide is applied after when infections are latent, the fungicide activity (commonly termed "kickback") is implemented by reassigning a proportion of the pustules in any affected cohort from the latent (Table 5) class to the dead class. Latent pustules are most sensitive to fungicide (larger proportion reassigned from "latent" to "dead") immediately after they originate, and become progressively less sensitive (smaller proportion reassigned to dead class) as they approach and pass the end of the latent period (20).

iii) For pustules already erumpent when the fungicide is applied (Table 6), the fungicide effect reduces their survival and their sporulation (20,30), thereby decreasing the amount of inoculum.  This effect is implemented as a factor in the algorithm that translates pustule number and ages into inoculum.   

iv) As a special case of (iii), the capability of a source pustule to produce contact-spread infections can be reduced due to inhibited sporulation from the pustule facelocated on the inner surface of the sheath. Previous experiments demonstrated that the effect is starkly different for different fungicides (20).  The magnitude of the contact-spread outcome of fungicide application depends also on the rate of internode growth at the time of application, modeled via the plant growth algorithms. 

Model operation:  The model is built to run in UNIX, and there is a version that can be run in Windows DOS mode.  The DOS version is available at http://pnwpest.org/cgi-bin/stemrust1.pl, with all documentation, ancillary files and example files provided.   The model is initiated with an observed level of disease, supplied as an external input specifying date and disease level (in pustules per 30 cm of row).  The weather ("ril") input file is needed, as well as the plant growth biofix value and the timing of any fungicide applications.  The model will then simulate the rust population, and its component categories (such as latent, erumpent, dead) for each day up to the last day for which weather data are specified in the "ril" file. The model has instructions to output data in a format that can be used for creating graphs of daily rust population levels across time (Fig.  3). The output can also include an action threshold to indicate when fungicide should be applied. The action threshold is set so as to keep the level of visible disease (i.e. erumpent pustules) below the damage threshold of the disease, approximately 2000 pustules per 30 cm of row (21), with the use of one or more fungicide applications per season. The threshold is compared with latent + visible disease (not simply the visible disease) to specify when a fungicide spray is required.  Depending on the weather conditions and the relative importance of aerial vs. contact spread at any particular time, the total (latent + visible) disease typically reaches a given level 1 to 3 wk before visible disease reaches that level.  Another output is the area under the disease progress curve (AUDPC), for any desired part of the season.  Typically the 3-wk interval centered on the midpoint between anthesis and harvest is selected, because this period has the best correlation between healthy area duration and yield (21).
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