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Ethanol and other liquid fuels used throughout the
20th century were critical in the development of

early internal combustion engines and automobiles
(Simpson et al. 2008), and today’s transportation sector
is served by a very large and reliable liquid fuel infra-
structure (Melaina et al. 2013). However, global
demands for transportation fuels can be expected to
increase rapidly in the future, and concerns about fossil-
fuel consumption have stimulated research on renewable
liquid fuels that can be sustainably produced from bio-
logical feedstocks (Hill et al. 2006). Currently, the two
most prevalent biofuels are ethanol, which is currently
produced from sugar or starch crops, and biodiesel.
World production of ethanol alone more than doubled
between 2000 and 2005, while the global production of
biodiesel quadrupled over the same time period
(Worldwatch Institute 2006). Biodiesel fuels in particu-
lar have received major attention worldwide, both as
blending components and as direct replacements for
petroleum diesel in vehicle engines (Demirbas 2009).
However, in order to be competitive, all renewable fuels

must offer cost, convenience, and reliability comparable
to today’s fuel supply system (Ogden and Anderson
2011). Moreover, renewable fuels should be derived from
biomass feedstocks that have much lower life-cycle
greenhouse-gas emissions than fossil fuels, and should be
produced with little or no competition with food produc-
tion (Tilman et al. 2009).

What will these biofuel feedstocks be? Annual and
perennial plants can be grown and harvested for the pro-
duction of both biodiesel and ethanol fuels, and the fer-
mentation of waste products such as stems, stalks, or woody
components of plants can be used to produce ethanol
(Dale et al. 2010). In addition, algae are being explored as
renewable biofuel sources, and the cultivation of microal-
gal biomass is already transitioning to commercial-scale
production systems (Trentacoste et al. 2014). Algae offer
many potential advantages over traditional terrestrial bio-
fuel crops, including higher lipid production rates, a lack of
competition for arable land, year-round cultivation, the
potential to use saline and low-quality water sources, and a
viable substitute for existing liquid fuels (Moody et al.
2014). Nevertheless, algal biofuels face many unresolved
sustainability challenges, and scaling up the production of
microalgae to meet even a modest percentage of US trans-
portation fuel demands could strain water, energy, and
nutrient resources (Pate 2013). Although improved genet-
ics and cultivation methods can potentially enhance the
sustainability and yields of both terrestrial and algal feed-
stocks, many questions remain about how best to produce
biofuels without causing new and unanticipated environ-
mental impacts (Duke et al. 2013).

The purpose of this paper is to highlight specific chal-
lenges that the biofuels industry could face if large-scale
monocultures of either algae or vascular plants are used as
a primary biofuels feedstock. Clonal biofuel crops grown
at industrial scales might be confronted both by an accu-
mulation of specialist pathogens, and by rapid evolution
of these pathogens (McDonald 2014). If unchecked, dis-
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through the production of biofuels derived from cultivated
terrestrial plants and algae

• Minimizing crop losses to disease organisms will be critically
important to the future success of renewable bioenergy

• Evolution- and ecology-based approaches can help to reduce
pathogen prevalence and transmission in both terrestrial and
aquatic biofuel crops
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ease organisms could harm yields and impede the
intended use of these crops (Mekete et al. 2009).
Minimizing crop losses to pathogens and parasites is
therefore important for the future success of renewable
biofuel production.

We suggest that the problems historically faced by agri-
culture can help to inform the development of commer-
cial-scale biofuel feedstocks. In agro-ecosystems, disease
development depends upon interactions in time and
space between host plants, pathogens, the environment,
and humans (Bousset and Chèvre 2012). For example,
McDonald (2014) noted that pathogen transmission was
facilitated as a result of the increased density and genetic
uniformity of host plant populations in agro-ecosystems
relative to natural ecosystems, enabling an increase in
pathogen virulence. Large population sizes of pathogens
also led to greater genetic diversity by increasing the total
number of mutations available at the field level, while
simultaneously decreasing the effects of genetic drift.
Over time, pathogen evolutionary potential has likely
increased as fungi, bacteria, and viruses have become
adapted to the agro-ecosystem environment and to the
most widely cultivated crop genotypes.

By way of example, the negative impacts of a highly
diverse set of pathogens on US soybean production in
2014 are illustrated in our Figure 1a, and potential global
losses to pathogens for six major terrestrial crops are sum-
marized in Table 1 of Oerke (2006). Even non-food ter-
restrial biofuel crops such as camelina (Camelina sativa),
elephant grass (Pennisetum purpureum), jatropha (Jatropha
curcas), and switchgrass (Panicum virgatum) are suscepti-
ble to a diversity of disease agents. Moreover, proposed
genetic modifications of terrestrial crops for biofuels pro-
duction may increase their susceptibility to viral infec-
tion and crop losses (Schrotenboer et al. 2011).

Algal populations can be similarly plagued by patho-

genic bacteria, fungi, protozoa, and viruses, and can expe-
rience major disease outbreaks in both natural and artifi-
cial populations. Gachon et al. (2010) recently reviewed
the effects of pathogens on aquatic primary producers in
both freshwater and marine ecosystems, including their
socioeconomic and ecological impacts. Infectious diseases
therefore potentially pose a major problem in the algal
biofuels arena as well (Carney and Lane 2014; Smith and
McBride 2015).

The accumulation of host-specific soil pathogens can
rapidly reduce the productivity of individual species in
terrestrial plant communities (Bever et al. 2012). It there-
fore seems plausible that increasing pathogen abundance
and diversity over time (Figure 1b), as well as evolution-
ary changes that promote pathogen virulence, could
impede sustainable low-cost biofuels production in com-
mercial-scale biomass cultivation systems, whether the
biofuel feedstock is obtained from terrestrial plants or
from algae. Within vascular plant monocultures, changes
in the abundance and composition of otherwise benefi-
cial microbes such as rhizosphere bacteria and mycor-
rhizal fungi can reduce plant growth (Bever 2002), and
microbial negative-feedback mechanisms can make ter-
restrial biomass yield declines in plant monocultures
highly predictable. For example, an accumulation of fun-
gal soil pathogens at the expense of plant-beneficial fungi
accompanied the consecutive cultivation of peanut
monocultures in China (Li et al. 2014), and the biodiver-
sity of major soil pathogens increased over time (X Wang
pers comm). Similarly, with regard to algal biofuels,
strains of eukaryotic microalgae grown outdoors by
Sapphire Energy, Inc, were susceptible to substantial dis-
ease-related losses (Figure 2a). Such open pond systems
tend to become more contaminated over time because of
continuous biological invasions from the surrounding
environment: fungal pathogens increased in abundance

Figure 1. (a) Losses of soybean production to 15 groups of pathogens in the mid-southern US (Arkansas, Louisiana, Mississippi,
Missouri, and Tennessee) in 2014; the total estimated annual value of this lost yield was $886 500 000. Data from
http://mssoy.org/blog/soybean-yield-loss-to-diseases-in-the-midsouthern-us-2. (b) Hypothesized trends in pathogen prevalence and
pathogen diversity over ecological time after the establishment of a biofuel crop monoculture.

(a) (b)

20
14

 s
o

yb
ea

n 
lo

ss
es

 (1
06

b
us

he
ls

)



VH Smith et al. Crop diversification and disease management

563

© The Ecological Society of America www.frontiersinecology.org

in the water column and pathogen diversity increased
with time since inoculation (Figure 2b).

The high crop densities of commercial-scale biofuel
production systems may also result in pathogen-driven
negative feedbacks. Introducing vascular plant biofuel
crops from other continents could initially reduce the
rate of negative feedbacks by escaping the crops’ coe-
volved natural enemies. However, this release from nega-
tive feedbacks may be transitory, because generalist
pathogens of abundant host species may acquire greater
virulence over time through natural selection (Thrall et
al. 2011), and specialist pathogens from the native region
may eventually colonize the host’s introduced range. As a
result, negative feedbacks on naturalized plant species
increase steadily after invasion of previously unoccupied
areas (Diez et al. 2010): an effect that is particularly well
documented in the agricultural sector for rice (see
Cassman et al. 2003).

Even with phytosanitary measures in place, specialist crop
pests have typically accompanied the movement of their
plant hosts, with serious consequences; the Great Irish
Potato Famine is a prime example (Donnelly 2005).
Diseases have already been observed in non-native biofuel
species such as elephant grass and jatropha, and their
pathogens are expected to become more abundant and
more diverse if these plant species are cultivated exten-
sively. Smith and Crews (2014) emphasized that by the
middle- to late-20th century, terrestrial plant breeders
became highly successful in the development and applica-
tion of resistance genes designed to stop or slow disease pro-
liferation; however, in mass cultivation the genetic unifor-
mity of these disease-resistant varieties promoted pathogen
evolution and subsequent crop resistance failures. We

believe that these agricultural experiences also have impor-
tant implications for the production of algal biofuels: avoid-
ing genetic uniformity in cultivated crops is likely to be a
wise strategy (Smith and Crews 2014).

We predict that the continuous cultivation and harvest-
ing of single-strain biofuel monocultures will favor the
accumulation of pathogenic organisms that will progres-
sively reduce crop yields over time (Figure 3a). In the sec-
tions below we propose possible solutions to this problem.

n Biological methods of disease control: the
importance of crop diversity

Evidence from commercial agriculture operations sug-
gests that managing disease risk in monocultures using
pesticides and standard cultivation and breeding prac-
tices can have limited success (see Figure 1a), and can
also become progressively more expensive over time,
undermining the economic feasibility of biofuels.
Managing plant disease risk by enhancing crop diversity
offers the potential benefits of stable yields, as theoreti-
cally illustrated in Figure 3b.

A central tenet of epidemiology is that both the num-
ber of diseases and the incidence of disease should rise as
host abundance increases (Lin 2011). Improving the
diversity of cultivated species can reduce pathogen infec-
tion rate and loss of yield in two ways. First, populations
of specialist crop pathogens tend to flourish when low
crop diversity increases the absolute abundance of their
preferred host species, making pathogen transmission
more probable (Pagán et al. 2012). This effect is consis-
tent with Root’s (1973) resource-concentration hypothe-
sis, in which the abundance of specialist arthropod herbi-

(a) (b)

Figure 2. (a) Open mini-ponds operated by Sapphire Energy, Inc. The mini-pond on the left shows the near-total algal crop loss to a
chytrid pathogen, whereas the mini-pond on the right illustrates what a productive pond looks like. (b) Both the abundance and
diversity of pathogen strains were observed to increase over time in an open raceway pond operated by Sapphire Energy, Inc, using a
polymerase chain reaction (PCR) approach. Note: the “cycle threshold number” decreases as fungal pathogen abundance increases.
Fungal pest A (blue dots and trendline) is Amoeboaphelidium protococcarum, and fungal pest B (red dots and trendline) is
Amoeboaphelidium occidentale; fungal pest C (green dots and trendline) is currently unknown but is genetically distinct from the
first two pests.
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vores on plants (defined as density per unit mass of the
host-plant species) is expected to decline at progressively
higher levels of plant community diversity. Root’s
hypothesis thus predicts a negative correlation between
crop biodiversity and disease risk (Pagán et al. 2012). The
resource-concentration hypothesis has endured over
time, but more complex outcomes from various field
experiments may be relevant to the management of bio-
fuel systems. For example, Otway et al. (2005) found a
positive relationship between successful colonization of a
specialized herbivore on a host plant and that plant’s
abundance, a finding consistent with the resource-con-
centration hypothesis. However, the authors discovered
that once the host plants were colonized by herbivores,
there was a negative relationship between herbivore load
and host-plant abundance. They called this a “resource
dilution” effect because the low-diversity systems essen-
tially diluted the herbivore load with greater host abun-
dances. Rapid microbial growth rates may make resource
dilution less likely to occur with pathogens, but further
research on particular crop compositions will be neces-
sary to explore this effect in biofuel systems.

The second way in which enhancing the diversity of
cultivated species can reduce pathogen infection rate is by
reducing the rate of evolution of crop-pathogen virulence,
thereby elevating the long-term efficacy of resistant crop
varieties. The use of polycultures (co-cultivating suscepti-
ble crop varieties or species among resistant crop varieties
or species) is therefore predicted to slow the evolution of
resistance mechanisms in crop pathogens (Thrall et al.
2011). For instance, to slow or prevent pest organisms
from evading Bacillus thuringiensis (Bt) resistance genes
inserted into single-trait transgenic corn hybrids, farmers
are required to plant 20% refugia, in order to maintain Bt

susceptibility within the pest population (Cullen et al.
2008); these refugia provide separate areas of toxin-free
crop for susceptible pest organisms. Intra- or interspecifi-
cally diverse crop communities are also less likely to facili-
tate rapid evolution of virulent pathogens, which may
invade the biofuel production system from wild or weedy
populations (Burdon and Thrall 2008).

The importance of diversity in disease control is clearly
evident in an experiment by Mitchell et al. (2002), which
directly manipulated grassland plant species richness and
composition. In this study, the average pathogen load was
almost three times greater in the single-species monocul-
tures than in plots planted with 24 grassland plant species
(Figure 4). Eleven individual plant diseases increased in
severity (measured as the percentage of leaf area infected
by a single disease) with a decrease in plant species rich-
ness, and the severity of only one disease was positively
correlated with diversity.

The value of using of mixed-species plant assemblages
(multiline cultivars and cultivar mixtures) for disease
management has been well demonstrated in the field
(Mundt 2014). In agroecosystems, disease-susceptible
rice varieties planted in mixtures with resistant varieties
produced 89% greater yield, and rice blast disease was
94% less severe, than when grown in monoculture (Zhu
et al. 2000). Similarly, in a comparative analysis of large-
scale intercropping experiments on 15 302 ha of farm-
land, Li et al. (2009) demonstrated the advantages of
intercropping for enhanced agricultural yields and disease
prevention. Rottstock et al. (2014) recently confirmed
that pathogen incidence and severity, and thus overall
infection, decreased with increasing plant species diver-
sity in experimentally manipulated European grasslands;
co-infection of individual plants by two or more pathogen

(a) (b)

Figure 3. (a) Net productivity in crop monocultures is hypothesized to decline as the total pathogen load increases over time. The
conceptual time trends represent the maximum potential productivity and minimum potential pathogen loads that might be expected if
chemical disease management strategies are deployed, but these crop protection strategies will also contribute substantially to total
production costs. (b) The cultivation of carefully assembled crop polycultures is predicted to provide pathogen load control benefits,
and thus more consistent productivity levels – but with lower capital and operating costs, and with potentially greater long-term
effectiveness.
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groups were less likely with increasing plant com-
munity diversity. Additional benefits of species
diversity for vascular plant disease and pest control
were reviewed by Ratnadass et al. (2012).

We are therefore confident that the dual benefits
of improved protection against disease (Figure 4;
see Mitchell et al. 2002) and enhanced biomass
yields (Tilman et al. 2006; Shurin et al. 2013) can
be expected to occur in high-diversity biofuel crop
communities, whether they comprise vascular
plants or algae. The presence of alternative hosts
will tend to reduce disease incidence by increasing
the number of disease-resistant species, thereby
buffering the mixed-species community from infec-
tion (the “host diversity dilution effect”; see
Keesing et al. 2010). Moreover, because each of the
multiple species being grown within the biofuel
production system will respond differently to other
kinds of physical, chemical, and biological varia-
tion in the local environment, maintaining a high
species and trait diversity in the production system
will help to offset negative impacts associated with
environmental fluctuations, and to ensure the
maintenance of functional capacity against human
management failures (Lin 2011).

We therefore suggest that manipulating biodiversity at
multiple temporal and spatial scales will be critical to the
stability of future bioenergy systems based on microalgae.
First, high crop diversity within a pond may dilute disease
spread and may also maintain pond productivity when
one species is infected with pathogens and experiences
population declines. Compensatory dynamics occur when
other species in the same community increase in abun-
dance due to competitive release and replace the produc-
tivity lost to epidemics. Second, diversity may be impor-
tant to a strategy of crop rotation or turnover in cultivated
algal species through time. Pathogens that accumulate in
the water column may reduce the fitness of cultivated
strains so that productivity cannot be maintained in the
long term. In addition, seasonal niches may allow species
to maintain productivity, for instance, when cold-season
species replace those that are most productive in warmer
months. Finally, algae are typically grown in arrays of mul-
tiple ponds, and the productivity of an entire array may be
at risk if only one algal strain is grown and a specialized
pathogen sweeps through one or more pond arrays. Thus,
we argue that the domestication of algal strains for the
production of bioenergy will necessarily involve the
deployment of a diverse suite of potential taxa to maintain
stable productivity. Polyculture-based strategies that
explicitly harness the complementary traits of algae that
lead to over-yielding, and to resilience against disease and
consumers, will be much more likely to result in commer-
cially viable bioenergy production systems.

Investing in monocultures of genetically engineered or
genetically selected species carries additional risks associ-
ated with the loss of an essential trait. In algal biofuel pro-

duction systems, the crop could become dominated by
mutant algal strains that no longer invest energy in the
production of lipids, because the mutants would likely be
better resource competitors than the original high-lipid
strains. Zevenboom et al. (1981), for instance, observed
that a mutant cyanobacterium that did not fix nitrogen
(N) rapidly outcompeted the original N-fixing strain in a
light-limited continuous culture. Nitrogen fixation is
energy expensive, and by giving up N fixation in an envi-
ronment in which inorganic N was not growth-limiting,
the mutant cyanobacterial strain was able to continue
increasing in abundance under low light conditions that
prevented any further growth of the N-fixing strain.
Similarly, because algal allocation to lipids is energy
expensive and provides no fitness benefit under rapid
culture conditions, genetic mutants that spontaneously
lose this capability would likely increase rapidly in the
cultivation system and would thereby reduce net bio-
energy production. 

n Conclusions

The complexity of bioenergy production systems will
require considerable research to achieve renewable energy
solutions that are truly sustainable (Greenwell et al. 2012),
and we agree with Robertson et al. (2008) that the identi-
fication of potential problems early in the development of
renewable biofuel strategies will help to avoid costly mis-
takes. Although homogeneity of biofuel inputs may facili-
tate biofuel processing, monoculture-based biofuel pro-
duction may ultimately prove to be unsustainable.

Growth in modern agricultural productivity has been
underpinned to a large extent by the use of effective

Figure 4. Strong suppressive effects of increasing vascular plant diversity
on pathogen load, as measured by community-wide disease severity, have
been confirmed in experimentally manipulated grassland communities.
The inverse relationship between plant diversity and pathogen load is
highly significant (P < 0.001). Data replotted from Figure 1a in Mitchell
et al. (2002).
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strategies to control disease (Burdon et al. 2014). A future
in which biofuel crops form a substantial component of
human landscapes will pose important challenges in pest
control, and it will therefore be crucially important to
conduct targeted, preemptive research on disease man-
agement as part of the “proof of concept” and risk assess-
ment for new biofuel crops (Fitt 2010). These efforts will
create the opportunity to design production systems in a
manner that both anticipates and minimizes the negative
impacts of pests (Fitt 2010). In addition, we suggest that
exploring the benefits of species diversification in bio-
mass cultivation systems, and examining the possible use
of crop rotation in space and time (Ratnadass et al. 2012),
are important biofuels research needs. The deliberate cul-
tivation of carefully assembled or naturally assembled,
mixed-species feedstock assemblages (polycultures) may
help to reduce or eliminate pathogen accumulation and
crop declines, whether the feedstocks are terrestrial vas-
cular plants or algae (see Figure 3b). 

Investigations into the beneficial effects of biofuel crop
diversity on pathogens and their dynamics through time
will be essential to the future design and development of
cost-effective, high-yield bioenergy systems. Further-
more, the implementation of evolution- and ecology-
based approaches will likely help to promote the sustain-
ability of low-cost commercial-scale biofuels production
by suppressing disease outbreaks, and by reducing
pathogen prevalence, transmission, and evolution in ter-
restrial and aquatic biofuel crops without the use of
expensive and potentially ineffective chemical pest-man-
agement strategies. In particular, the development of
novel methods and tools to achieve long-lasting
(durable) resistance (Mundt 2014) will be key to the sus-
tainable management of pathogens and other pests in
industrial-scale biofuel production systems.
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Assistant Professor
Boise State University
Boise State University announces two tenured or tenure-track positions to join existing faculty in our Human-Environment Systems Initiative.
These positions are part of a statewide, NSF-funded effort to build expertise in social–environmental systems science. With Boise State’s new
College of Innovation and Design as a home, these candidates will have the opportunity to help launch an integrated research and teaching pro-
gram focusing on coupled human–environment systems. The initiative weaves together biophysical and social science knowledge and skills to
develop solutions and quantitative approaches to society’s most challenging environmental problems.

Minimum Qualifications: PhD, at the time of appointment, in biophysical or social sciences, with an emphasis on quantitative methods and
approaches.

Application Instructions: Please submit in one PDF document: a cover letter, CV, contact information for a minimum of three professional refer-
ences, and three publications as representative sample work. In the cover letter, you should address the following items in this order: (1) your quali-
fications for this position, especially application of quantitative methods; (2) your capacity to develop an integrated research and education program
to solve problems at the interface of human–environment systems; (3) evidence and interest in collaboration; and (4) your interest and commitment
to diversity and inclusion. Candidates wishing to be considered for employment at the level of Associate Professor should specifically identify so in
the cover letter. The document should be e-mailed to hes@boisestate.edu.  The subject line of the email must start with AA-0063-15.

Qualified employees are encouraged to apply for this position, and priority consideration will be given to internal candidates.

Review of documents will begin November 15, 2015, and will continue until filled.

AA/EEO Statement – Boise State University is an equal opportunity employer and makes employment decisions without regard to race, gender,
disability or protected veteran status. EEO M/F/Disabled/Vet Institution, Veterans preference.

hrs.boisestate.edu/careers/searchcareers/assistant-professor-18/




