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Abstract

Perennial grains have potential to contribute to ecological intensification of food production by enabling
the direct harvest of human-edible crops without requiring annual cycles of disturbance and replanting.
Studies of prototype perennial grains and other herbaceous perennials point to the ability of
agroecosystems including these crops to protect water quality, enhance wildlife habitat, build soil quality,
and sequester soil carbon. However, genetic improvement of perennial grain candidates has been hindered
by limited investment due to uncertainty about whether the approach is viable. As efforts to develop
perennial grain crops have expanded in past decades, critiques of the »7;roc.ch have arisen. With a recent
report of perennial rice producing yields equivalent to those of anr.ua: rice over eight consecutive harvests,
many theoretical concerns have been alleviated. Some valid aue._*ions remain over the timeline for new
crop development, but we argue these may be mitigated by in.>'¢mentation of recent technological
advances in crop breeding and genetics such as low-cc st ge otyping, genomic selection, and genome
editing. With aggressive research investment in (ne devlopment of new perennial grain crops, they can be

developed and deployed to provide atmospheric gr. 2nhouse gas reductions.

Keywords: soil quality, climate change. cai 101 sequestration, genome editing, intermediate wheatgrass,

genomic selection

1. Introduction

The abundant potential of perennial grains, if developed, to address a wide array of global sustainability
challenges to agricultural production has long been recognized. In 1990, the first extensive review of past
efforts to develop perennial grains using species in the grass family was published (Wagoner, 1990). The
review listed numerous reasons for perennial grain development, including reducing soil erosion, reducing
inputs, conserving soil nutrients, building soil health, and improving farmer profits by reducing costs of
inputs and field operations while preserving grain productivity. Although humans have consumed the
seeds of perennial grasses for millennia, domestic perennial grains were not developed. As Wagoner
described, efforts to develop perennial wheat through wide hybridization between annual cereals and

perennial relatives were conducted in the Soviet Union beginning in the 1920s. Efforts later spread to other



regions and attempts were made to create perennial versions of other crops by cross-pollination with
perennial relatives. These programs generally produced short-lived perennials with yields inferior to

annual grains, and there was never a clear commercial opportunity.

In 2002, an exhaustive review of past and potential efforts to breed successful perennial grains was
published (Cox et al., 2002). Again, the authors concluded that decades of work had failed to produce
yields on par with comparable annual grains. However, they also asserted that important avenues to high
grain yield from perennials may have been overlooked. For instance, perennials can often use resources
such as water, nutrients and sunlight that are unavailable to many annuat .ops due to their brief summer
lifespans. The authors also described the potential of ongoing efforts 1o 4~ velop perennial rice and
perennial sorghum by hybridizing the annual crops with their p<reri..al relatives and suggested that
repeated rounds of selection over many generations would ¢ “abl¢ simultaneous improvement in longevity

and seed production traits by combining favorable alle’cs in new high-yielding perennial grains.

In the 20 years following the 2002 review by "ox :t al. (2002), perennial grain development efforts have
grown in number and have attracted expan.'ing attention as an approach to address urgent issues in
agriculture. Reports are continuing to shc v .h.. effectiveness of perennial crops in stabilizing production
(Sanford et al., 2021), improving soil .ality (Daigh, 2011; DeHaan and Van Tassel, 2022; Emmerling et
al., 2017; McGowan et al., 2019), .. *tigating climate change (Crews and Rumsey, 2017; Jacot et al., 2021),
improving wildlife habitat (C rahcm et al., 2017; Helms et al., 2020; Robertson et al., 2011) and protecting
water quality (Cacho et al., 20'8; Culman et al., 2013; Jungers et al., 2019; Moore et al., 2019). Evidence
of rapid expansion in perennial grain research is seen in a Google Scholar search, where only 5 articles
containing the search term “perennial wheat” are returned from the year 2001, compared to 463 articles
from 2021. Although the increase is substantial, perennial grain efforts remain insignificant compared with

annual crops, as a search for “winter wheat” from 2021 provides more than 24,000 results.

Although efforts to develop new perennial grains remain relatively slight, they have been sufficient to
attract critique from authors who regard the vision as being unlikely to succeed and unworthy of expanded
investment (Cassman and Connor, 2022; Loomis, 2022; Smaje, 2015). These critiques are helpful, to some

extent, as they allow a careful examination of the available evidence for and against greater investment in



programs that will require sustained effort over longer time frames than might typically be embraced by
funders. Herein we will support our thesis that recent research progress, theoretical considerations, and
advances in breeding and genetic technologies have combined to provide justification for an aggressive

expansion in perennial grain research in the current and future decades.

2. Recent progress in perennial rice

Perennial rice currently provides the clearest example of what can be achieved through sustained
investment in a perennial grain breeding program. An initial successful -<oss between annual rice (Oryza
sativa) and the perennial relative Oryza longistaminata was obtained in 1¢ 96, and work was invigorated
when the first promising F, progeny with good seed set and moc'e: ~tel), strong rhizome production was
identified in 2007 (Zhang et al., 2022). What followed were ger. rations of selfing and selection for plants
with increased pollen viability and short rhizomes. As gene.ations advanced, plants were identified that
had traits similar to annual rice (height, seed size, and giwn set). However, the selected lines retained the
ability to regrow vigorously after harvest. Sub.~ai-ent rounds of backcrossing to various elite rice types
have demonstrated the potential to introduce e perennial trait into different genetic backgrounds (Zhang

etal., 2022).

In 2018, the first perennial rice varier,, PR23, was released to farmers in China. While other rice varieties
may have weak “ratooning” (~c.-owth after harvest), allowing a small second crop, PR23 has capacity for
strong regrowth and sustaine.' yield. Evaluated over eight consecutive harvests across four years, the
perennial rice produced an average of 6.8 Mg ha™ harvest™, similar to the yield of replanted annual rice,
which is also harvested twice per year (Zhang et al., 2022). After the first season, perennial rice resulted in
substantial savings on labor and other inputs, which boosted net farmer incomes (Zhang et al., 2022),
consistent with earlier predictions made by advocates for perennial grain development (Wagoner, 1990;
Cox et al, 2002). Additionally, reduced soil disturbance in perennial rice production provided measurable
improvements in soil, as expected. For example, in four years of paddy perennial rice production, soil

organic carbon content increased by a substantial 0.95 Mg ha™ (Zhang et al., 2022).



Since its release to farmers in 2018, farmer acceptance has been strong, and perennial rice cultivation is
increasing rapidly. Although still less than 0.1% of the area of total rice production in China, in 2021 the
area planted to perennial rice increased fourfold to 15, 522 ha on 44,752 smallholder farms (Zhang et al.,
2022). Perennial rice is a clear example of how readily a new perennial grain can be developed, requiring
an investment of less than US$20 million over 15 years (Glover, 2022). As the authors reporting the
progress concluded, “perennial rice is a step change with potential to improve livelihoods, enhance soil

quality and inspire research on other perennial grains” (Zhang et al., 2022).

3. Responses to concerns about perennial grain feasioi!ity

Perennial grain crops have been proposed as a strategy to achieve ~xn7.nded ecosystem services such as
reduced erosion, greater resource use efficiency, reduced nu'rier.* leaching, reduced watershed
contamination, improved soil carbon content, and reduced uepenuence on fertilizer, herbicide, and tillage
(Broussard and Turner, 2009; Glover et al., 2010). Atthuuyh various perennial crops and cropping systems
are expected to have a range of impacts on the.~ e~.osystem services, there has been little disagreement that
perennial grains producing yields as large as :heir annual counterparts would have environmental and
sustainability benefits. Divergent viewpoin s F.ave more frequently arisen concerning whether breeding
perennial crops with yields similar t an.1al crops is a feasible goal. If clear evidence exists that perennial
grain crops would be impossiblc to b ¢ed or that the cost of their development would exceed the benefits,
then we would agree that vesv2rcl would be better focused elsewhere. Instead, we find compelling recent

results that provide multiple *:nes of support for prioritizing perennial grain breeding.
3.1 Alleviating concerns about the yield potential of perennials

The feasibility of breeding herbaceous perennial plants with high grain yield has been understandably
guestioned, since on average both wild and domestic herbaceous perennial plants tend to have lower seed
production than their annual relatives (Vico et al., 2016). In Wagoner’s 1990 review, forage crops that had
been selected for good seed production were found to have yields that might, in ideal circumstances,
approach those of annual grains grown in the same region (Wagoner, 1990), but the general trend is clear

that herbaceous perennials tend to be lower seed producers than annuals.



However, it would be unscientific conjecture to say that just because something does not currently exist, it
can never exist in the future. For instance, maize yields in the USA have increased more than five-fold
since the 1920s (Duvick, 2005). How was it possible to dramatically increase the grain production of
maize when human-driven selection should have been favoring the highest seed producers for millennia?
The answer likely lies in a multi-pronged approach including transitioning from open-pollinated
populations to F; hybrids, modifying the agricultural environment for optimal growth, and enhancing
selection methodology to favor plants that are less competitive while being more stress tolerant, thereby
avoiding wasteful competitive responses while growing in high popula icn densities (DeHaan et al., 2005;
Denison, 2015; Duvick, 2005). Perennial grain breeders have argued .har nodern selective breeding,
which has reduced competitive waste in annual grain fields, shoul1 sin ilarly enable yield increases in
perennials (DeHaan et al., 2005). While critics have suggeste . “ha. the competitive nature of perennials
means that they will inherently have lower seed yield (Smai :, z215), the large competitive structures (e.g.,
large roots, tall stems) of wild perennials may simph p. Wi e a larger pool of resources from which to
reallocate competitive tissues into harvestable yrair (DeHaan et al., 2005). Just because wild perennials
allocate more resources on average to comy.~tition than seed production, there is no reason to believe that
the same must hold true for domesticated p.re inials (Crews and DeHaan, 2015). The important
unanswered question is to what extenw ~an tne benefits of perennial cropping be retained while selecting
for increased yield, but evidence o1 .~creased soil carbon and improved soil quality under perennial crops

selected for maximum above yrou.d yield is promising (Emmerling et al., 2017; McGowan et al., 2019).

The clearest arguments against investment in perennial grain breeding have focused on theories of resource
allocation. One critic has summarized the position, stating, “For seed yields to approach those of annuals,
however, plants would have to pull all available resources into seed production at the end of the growing
season, as annuals do, making death almost certain” (Denison, 2012). We would suggest that this argument
is only valid if “all things are equal” in comparing annuals to perennials. However, all things are not equal.
Perennials often have more rapid spring growth and a longer growing season, allowing access to more
sunlight (Dohleman and Long, 2009); they may also have longer roots, allowing access to more water and
nutrients (Duchene et al., 2020). Indeed, the success described above with perennial rice illustrates that

perennial survival with high grain yield has now been achieved, clearly contradicting the claim that high



yielding perennials would be faced with “almost certain” death (Denison, 2012) due to a strict trade-off
between survival and yield. Further evidence is seen in the perennial grass crop Miscanthus, which can
yield more aboveground biomass than maize in the Midwest US corn belt (Dohleman and Long, 2009;

Heaton et al., 2008), showing that winter survival need not come at the cost of aboveground production.

3.2 Other perennial grains are being developed to follow the success of perennial rice

Smaje (2015) argued that the lack of any successful perennial grain crops arising over the 10,000 years of
agriculture suggests that such crops may be impossible. But he then ge :s on to state that “Nevertheless if
sophisticated modern plant breeding techniques can overcome the ob.ac.~s nitherto obstructing a
perennial grain agriculture, past impediments may lack future relc vanc = (Smaje, 2015). We agree with
this assessment and observe that concerns about the feasibilit: 21 >igh-yielding perennial grains is quickly
becoming a historical artifact rather than a contestable hypo*he.:<. as evidenced by the breeding
technologies that produced high yielding perennial rice “Zbang et al., 2022) and are now advancing other

perennial grains in development.

While perennial rice provides a recent examoic of a high-yielding perennial, advocates of perennial grains
have previously argued that trees with '..2he reproductive allocation than modern annual grains are
evidence that perenniality need not ; veclude high yields (Van Tassel et al., 2010). However, past critics
discounted the high productivity « f v oody perennials as a “special case” where the yield of trees is
irrelevant to high-yield g e, ~n..>! nerbs because trees have unique “ecological and biogeographical
characteristics” (Smaje, 201,). Since all individual species have unique ecological and biogeographical
characteristics, a similar statement could be applied to dismiss the relevance of perennial rice. Indeed,
Kenneth Cassman stated in an interview that perennial rice is a special case, since annual rice already
ratoons, and rice production has a high labor requirement (Charles, 2022). We would respond by pointing
out that there are other perennial grain candidates, such as perennial sorghum, where the annual progenitor
also ratoons. All perennial crops in development have unique advantages that may make them special
cases in various ways, such as current use as forage crops or valuable by-products such as honey or fiber.
With every candidate crop having unique advantages, we cannot confidently predict which will be easiest

to achieve, and we contend that the best way to determine which crops are feasible to develop is to attempt



many projects at once (DeHaan et al., 2016). Although critics may continue attempting to dismiss the
existence of high-yielding fruit trees or perennial rice as irrelevant to the debate, we maintain that these
achievements demonstrate that artificial selection can generate perennial crops with high reproductive
outputs and are justification for expanding efforts to develop additional highly productive perennial crops

(Van Tassel et al., 2010).

Just as all annual grain crops have unique advantages and disadvantages in terms of growing environment
and end uses, there is an array of perennial grain crops currently under various stages of development for a
variety of initial target environments and uses. Every crop in the makiny .~ces a unique set of challenges
and presents distinct advantages. As mentioned above, perennial grair, ~»*ghum has the same advantage as
perennial rice, where the annual parent (Sorghum bicolor) was = ble «v ratoon, but the hybrids with
perennial Sorghum halepense have thus far lacked strong w. “terf ardiness in the temperate environment
(Cox et al, 2018). Following the model of perennial ric:, .erennial sorghum lines are now being
introduced to tropical environments, but years of *~o,'- remain to integrate the perennial habit with locally
adapted germplasm. Perennial silflower (Silphiu.. integrifolium) is being developed by domesticating a
forb native to the USA. While this species has .~rge seeds and high yield for a wild plant, insect pests and
diseases present in its native range hav: sre.cnted a unique challenge for the breeding program (Price et
al., 2022). Sainfoin (Onobrychus viufolia) is a forage legume that is just beginning domestication at The
Land Institute. Its seeds are quite :~re, and yields are already substantial in dry regions, but thorough
testing of the grain must ox ~0:.;seted to determine if it is safe for human consumption. Perennial flax
domestication is starting witn perennial species of Linum. Although the perennial species grow vigorously
in the target environment, improvement through breeding must be made for a wide array of traits,
including growth form, seed size, germination, and early maturity (Tork et al., 2019). Perennial barley
development is a possibility either through wide hybridization between annual barley (Hordeum vulgare)
and the perennial Hordeum bulbosum or through direct domestication of the perennial. While the wide
hybridization approach has been difficult due to low recombination between the annual and perennial
chromosomes, direct domestication of H. bulbosum is now a real possibility due to the detailed genomic

information which is available for barley (Chapman et al., 2022). With knowledge of the genetic control of



the critical domestication traits of barley, analogous changes in the wild perennial might be rapidly

induced by mutagenesis or genome editing.

3.3 Breeding is increasing yields of intermediate wheatgrass

Efforts to improve the grain yield of perennial intermediate wheatgrass (Thinopyrum intermedium) have
been ongoing since the 1980s (DeHaan et al., 2018), although until 2010, the project had a small
investment, with less than half the effort of a single plant breeder provided each year. Since this is likely
the longest-running project to directly domesticate a wild perennial herdaceous species for use as a grain
crop, it is worth asking whether progress is being made. Cassman anc' Cu.nor (2022) claim to answer this
question in the negative. Cassman and Connor (2022) compiled a sum.nary in table form of yields
obtained in six agronomic trials of intermediate wheatgrass ¢z 1ucted between 2009 and 2018. The trials
were performed in four different northern USA states using seed from four different breeding cycles from
a program in Kansas. Never was the seed from more tt.~1 0.1e breeding cycle planted in a given trial. From
this assembled data, they concluded, “Based o. an¢ lysis of these results, there is no evidence of progress
towards higher grain yields” (Cassman ana “onnor, 2022). No details regarding the methods of their
analysis are presented, and the data whicl t'e . analyzed was irrelevant to the question of yield progress,

leaving their conclusions without mer,:

There are three primary reasons v 2t ~he data used by Cassman and Connor (2022) were insufficient to
quantify genetic progres.. ~irs., *i1ie concept of randomization, which is fundamental to statistical analysis,
was ignored. Fisher, a founaer of the field of statistics, stressed that “as is the randomization, so is the
analysis” (Street, 1990). In this case, because breeding cycles were not randomized across locations, years,
or management approaches, there would be no way of evaluating breeding progress without accounting for
a host of unknown confounding variables. Secondly, one cannot hope to draw meaningful conclusions
about breeding progress from such a small sample size. Before concluding that no evidence of an effect
exists in an experiment, the scientist must be cognizant of the risk of Type Il error (wrongfully failing to
reject the null hypothesis). Failing to account for the sample size necessary to obtain relevant statistical

power has been described as a “fatal” error in statistical analysis (Kuzon et al., 1996). Third, the reality of

genotype X environment interactions (GXE) has been neglected. The agronomic trials cited were situated
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between 800 and 1700 km distant from the location of the breeding program that developed the genetic
materials used. Complex traits such as grain yield usually have high GXE, so meaningful evaluation of
progress for this trait requires experimentation within the target environment. Testing for progress in a
non-target environment ignores what is known about the substantial magnitude of GXE in related crops
such as wheat (Peterson, 1992). High GXE for traits such as grain yield across distances of 1000 km is
expected, but fortunately not an insurmountable barrier for breeding. The clear solution is to, as in annual
crops, have regional breeding programs which develop locally adapted varieties. Indeed, in the case of

intermediate wheatgrass, three geographically diverse breeding prograt 1¢ are now in operation.

Intermediate wheatgrass has a history of remarkably rapid response to ~2!:ction. Although Cassman and
Connor stated that “there is no evidence of progress toward hig! er |..cermediate wheatgrass] grain yields,”
one of the papers they cited contains strong evidence of bre.ing progress in intermediate wheatgrass
(Bajgain et al., 2020; Cassman and Connor, 2022). Thr i ‘ermediate wheatgrass variety MN-Clearwater
was developed in Minnesota, USA for improved ~ra,.» broduction by selecting out of the third breeding
cycle from The Land Institute. Evaluated across . e locations and two years, this single round of selection
in the Minnesota environment increased yi~ld v:* 230 kg ha™, or 49% (Bajgain et al., 2020). Other studies
of breeding progress conducted in Karsa: as part of The Land Institute’s breeding program have shown
increases of 150 kg ha™ over two cy.'es (DeHaan et al., 2014) and 68 kg ha™ cycle™ over five cycles (Tyl
etal., 2020). In Canada, breeding ~rrduced a steady yield increase of 79 kg ha™ cycle™ over five cycles
(Knowles, 1977). On a gai.*nw.ge basis, the yield gains have been roughly 20 to 30% per cycle, with cycle

length varying from 2 to 4 years, for an average progress of about 10% per year.

While a young breeding program for a crop with initially low yields is expected to make large percentage
gains, yield increases from selection are often linear. Thus, future gains should only be roughly
extrapolated from past gains in terms of yield per area, rather than as percentage increases. Yield on an
area basis in the trials mentioned above was increasing about 23 kg ha™ year™. For wheat varieties released
in the USA Southern Plains between 1992 and 2014, yield increase was 1.1% year™, or 17 kg * ha™* year™
(Rife et al., 2019). Thus, we see that when evaluated with a proper statistical design, even the earliest

intermediate wheatgrass selection programs with meager resources were exceeding wheat breeding

11



progress on a percentage basis and at least matching it in terms of absolute yield increase per year. Using
modern genomic selection to perform one cycle per year could increase yield progress to 58 kg ha™ year™,

if current trends continue (Bajgain et al. 2022).

While traditional breeding produced substantial yield increases in intermediate wheatgrass, new techniques
and knowledge of genes controlling domestication traits paired with genome editing are opening doors to
breakthroughs in rapid domestication (Lemmon et al., 2018; Li et al., 2018; Yu and Li, 2022; Zhu and Zhu,
2021). In recent years, development of genetic resources has made genome editing for rapid domestication
of intermediate wheatgrass feasible (Chapman et al., 2022; DeHaan et at., 2020). Genomic selection can
accelerate breeding in perennials by accurately predicting performance ~f plants using DNA collected at
the seedling stage (McClure et al., 2014; Seyum et al., 2022). Tais weennique is being used to accelerate
progress in the domestication of intermediate wheatgrass (C.ain ¢ t al., 2021) and holds promise for many
perennial species. These new methods have potential t~, o celerate domestication and produce viable new
crops in just a decade or two, opening fresh doors m >nportunity for developing transformative new crops

(Runck et al., 2014).

3.4 New approaches to perennial wheat

As efforts to develop perennial whe:t by nybridizing annual wheat (Triticum aestivum) with perennial
relatives have been attempted on >nd off for nearly a century, it is worth asking whether this approach to
perennial grain developr et s.:*! nas merit. Cassman and Connor (2022) summarized work on perennial
wheat in Australia, and correctly concluded that “Progress in conducting agronomic research with
perennial wheat derivatives in Australia is hindered because no commercial cultivars are yet available...”
What was left unmentioned was that virtually no breeding efforts have been undertaken in Australia to
develop adapted cultivars (Hayes et al., 2017). This is consistent with a fundamental conclusion of
Cassman and Connor: perennial grains have yet to succeed due to “inadequate investment in R&D relative

to the magnitude of the challenge” (Cassman and Connor, 2022).

As a wide hybridization effort in an allopolyploid crop, perennial wheat is expected to have a different

development trajectory in comparison to simpler introgression projects with diploids such as rice or

12



domestication projects such as intermediate wheatgrass. While breeding is producing steady increases in
yield of intermediate wheatgrass, wide hybridization may not produce similar stepwise improvements if

the wide hybrids require breakthrough solutions to make them viable.

Perennial rice and now perennial sorghum breeding programs (Cox et al., 2018) have the benefit of
recombination between corresponding chromosomes originating from the annual and perennial parents. In
wheat, the annual and perennial parents have diverged to the point where chromosomes do not readily pair
(Banks et al., 1993). Presumably, chromosomes originating from wheat carry genes that are detrimental to
perenniality, while chromosomes from the perennial parent harbor genes .*miting critical traits such as
seed size (Cox et al., 2002, 2010). Thus, past programs may have beei, ~Fe to obtain plants with moderate
perenniality and moderate yield, but without recombination, th~ 7 ha.< been unable to make much

additional progress.

In their 2002 review, Cox et al. suggested that the tack ~¢ d:veloping perennial wheat could be nearly
impossible until new molecular techniques wer: av iilable (Cox et al., 2002). This idea is proving
prophetic, as the necessary tools may now .= availaole for the first time. For example, tracking individual
chromosomes and chromosome fragment : Fy . ytology was once cost- and time-prohibitive for use in
breeding. Now, sequence-based methc s can track chromosome presence and absence in wide hybrids at
low cost (Adhikari et al., 2022). A 1>ference genome is now available for the perennial parent currently
used in perennial wheat hybr ds, « nd with this resource, genome editing could be used to knock out or
otherwise edit genes impactin.; important traits in the hybrids, eliminating the need for genetic
recombination (DeHaan et al., 2020; Soto- Gémez et al., 2022). Alternatively, mutagenesis followed by
genotyping to search for mutations in critical target genes could be effective (Knudsen et al., 2022). With

aggressive application of these tools, a breakthrough in perennial wheat may be imminent.

4. Opportunities and Risks

While new perennial grain crops could aid in addressing the greatest environmental challenge of our time,
climate change, the protracted nature of the work required to breed the crops, formulate productive

cropping systems, and study the potential risks and benefits inherent in the production of perennial grain
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crops means that sustained upfront investment will be required before positive outcomes are achieved.
Therefore, concurrent with the breeding of new perennial grain crops, experimental testing of the potential
benefits of perennial grain cropping systems is underway, producing promising results thus far, while some

uncertainties remain.

Research results currently support the capacity for perennial grains to substantially increase soil carbon,
which would reduce atmospheric carbon dioxide while simultaneously enhancing soil quality (Crews and
Rumsey, 2017). Increases in soil carbon storage under perennial cropping is driven by two mechanisms:
reducing the regular disturbances, which exacerbate mineralization losses, that are associated with annual
crop establishment (Crews et al., 2016) while simultaneously increasn.> ~arbon input through the
potentially larger biomass production of perennial crops (Newe:( anw Hayes, 2017) and increased
belowground allocation (Sprunger et al., 2019). Soil carbor *ccu nulation under perennial cropping has
been found to improve soil health parameters, includiny v ‘eater microbial biomass and respiration (Means
et al., 2022), greater microbial abundance and mv~oi.hizae indicators (Duchene et al., 2020), N
mineralization (McKenna et al., 2020), and incre. <ed particulate carbon accumulation (van der Pol et al.,
2022). Furthermore, perennial cover will p~neic'ly result in reduced soil erosion and greater climate
resilience through increased water infi'u ctiv,. and storage (Asbjornsen et al., 2014). However, many
properties are expected to be sensiti.= to management and may vary according to crop species. Transitions
between various perennial crons, .h’ch may involve soil disturbance, may be particularly critical points

where the benefits of pe:ai. iar 2,opping could be compromised (Ryan et al., 2018).

Perennial grain cropping has significant potential to reduce emissions of nitrous oxide from production
fields. The perennial grain intermediate wheatgrass has been shown to consistently reduce both soil
moisture and nitrate pools (Culman et al. 2013; Jungers et al., 2019; Reilly et al., 2022), which are two
primary drivers of nitrous oxide emissions. While there are theoretical reasons to anticipate reduced
emissions of nitrous oxide from perennial crop fields, variation is expected and optimal crop management
schemes will be necessary to maximize the benefits, as has been observed in the more extensively studied

perennial biofuel crops (Bai et al., 2022).

14



The potential impact of perennial grains on the potent greenhouse gas methane is uncertain, although there
have been some intriguing results. Because unsaturated upland soils have capacity to remove methane
from the atmosphere, deeply rooted perennial grain crops which can dry the soil at depth have been
observed to increase the methane sink capacity of fields in comparison to annual grains (Kim, et al., 2021).
Perennial rice makes possible a range of no-till and flooding management regimes, (Zhang et al., 2022) so
the crop could potentially reduce methane emissions. However, some intermittent flooding techniques
have led to dramatic increases in nitrous oxide emissions (Kritee et al., 2018). Clearly, more research is
needed to develop management approaches for diverse perennial grain >ropping systems to enable

consistent greenhouse gas reductions.

New crops inherently come with new risks. While perennial rice cai. we sold directly into conventional
markets, many perennial grain crops in development will be *reai :d as novel foodstuffs, requiring
development of new supply chains and unique consum.: -.roducts. The commercial success of a new crop
often requires the coordination of dozens of factrrs, , ~cluding items such as quality seed, weed control
methods, appropriate field equipment, access to . acessing facilities, and expertise for every step from
seed handling to harvest and recipe formul=tio:. ‘Jolliff and Snapp, 1988). Failure in any critical factor will
jeopardize the success of the new crop « ~re..nial grain crops may carry some unique risks, such as the
challenge of managing pests and dis.ase without the simple techniques of annual tillage and crop rotation
(Cox et al., 2005). However, thesc ricks may be offset by unique advantages, such as greater inherent pest
and disease resistance (Citu *er ot al, 2010), savings on costs to manage a crop that that does not require
annual planting, and reducea risk of establishment failure when the crop is regenerating from

overwintering structures.

For a new crop to succeed, a substantial societal investment in breeding, agronomic research, and early
supply chain coordination is essential. A primary risk is that critical components for the success of the new
crop will not be available. To achieve success, commercialization and plant breeding efforts must be
coordinated to develop strategically diversified production systems and supply chains (Runck et al., 2014).

Thus, the greatest threat to the effort is the ebb and flow of funding cycles and market interest in diverse
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products with ecological benefits. The antidote to this risk will be sustained commitment from funders to

strategically support the multifaceted effort to develop new crops over a timeframe of more than a decade.

5. Conclusions

Recent successes in breeding and genetics have now demonstrated the feasibility of perennial grain
development. Perennial rice, which has produced yields equivalent to annual rice over eight harvests while
improving ecosystem services and producer livelihoods, has shown how a perennial grain can create the
triple win of food production, profitability, and sustainability. Theoreti." ¢ concerns about the potential for
perennials to produce competitive yields have begun to fade in the fa e of this clear achievement.
Similarly, the application of modern genetic tools such as genome ~eo.encing, genomic selection, and
genome editing to the development of perennial crops is derions rating the ability to rapidly develop and
introduce new perennial crops, (Runck et al., 2014) often waiting only on funding to accelerate the work.
If these and other revolutionary technologies are apn'ieu uygressively to the basic biology of perenniality
(Chapman et al., 2022; Li et al., 2022) and the >re-«ion of new crops, they will be available in time to
provide meaningful benefits to such grand ci.>tlenges as soil quality and carbon sequestration to combat
climate change and its impacts on food nro {ur.tion (Crews and Rumsey, 2017). The critical need for the
ecosystem services of new perennia. cro,s grown in multifunctional landscapes (Jordan et al., 2007) has
converged with the technologicc! cap.wcity to develop these crops, so now is the ideal moment to

aggressively expand pere~nic.' arsin research.
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