l" frontiers

in Sustainable Food Systems

ORIGINAL RESEARCH
published: 04 December 2020
doi: 10.3389/fsufs.2020.583988

OPEN ACCESS

Edited by:

Ana Isabel Moreno-Calles,
Universidad Nacional Auténoma de
Meéxico, Mexico

Reviewed by:

Liming Ye,

Ghent University, Belgium
Suprasanna Penna,

Bhabha Atomic Research Centre
(BARC), Indlia

*Correspondence:
Maayan Kreitzman
mkreitzman@ires.ubc.ca

Specialty section:

This article was submitted to
Agroecology and Ecosystem Services,
a section of the journal

Frontiers in Sustainable Food Systems

Received: 30 July 2020
Accepted: 13 October 2020
Published: 04 December 2020

Citation:

Kreitzman M, Toensmeier E,

Chan KMA, Smukler S and
Ramankutty N (2020) Perennial Staple
Crops: Yields, Distribution, and
Nutrition in the Global Food System.
Front. Sustain. Food Syst. 4:588988.
doi: 10.3389/fsufs.2020.588988

Check for
updates

Perennial Staple Crops: Yields,
Distribution, and Nutrition in the
Global Food System

Maayan Kreitzman ™, Eric Toensmeier?®, Kai M. A. Chan', Sean Smukler* and
Navin Ramankutty "-°

" Institute for Resources, Environment, and Sustainability, University of British Columbia, Vancouver, BC, Canada,  Perennial
Agriculture Institute, Holyoke, MA, United States, ° Global Evergreening Alliance, Burwood East, VIC, Australia, * Faculty of
Land and Food Systems, University of British Columbia, Vancouver, BC, Canada, ° School of Public Policy and Global Affairs,
University of British Columbia, Vancouver, BC, Canada

Staple crops, which have large amounts of carbohydrates, proteins, and/or fats, provide
the bulk of calories in people’s diets. Perennial plants, which can be productive for many
years without the need for replanting, can produce staple foods and environmental
benefits, but their agronomic and nutritional properties haven’t been considered
synthetically in comparison to annual staples. Here we offer a framework to classify
perennial staple crops according to their nutritional categories and cultivation status.
We assemble literature to report on the yield potential of 51 perennial staple crops,
only 15 of which are well-characterized in existing global datasets. We show the extent
and distribution of perennial staple crop production in relation to annual crop types,
calculate the carbon stocks they hold, and analyze their nutritional content for three
macronutrients and nine micronutrients. We found that most perennial staple crops are
regional crops (not globally traded) that grow in the subtropics to tropics. At least one
perennial staple crop in each of the five nutritional categories has yields over 2.5 t/ha, in
some cases considerably higher, competitive with and in many cases exceeding those of
nutritionally comparable annual staples. Perennial staple crops only comprise ~4.5% of
total cropland. They hold a modest ~11.4 GtC above and below ground, less than one
third of the anthropogenic carbon-equivalent emissions for the year 2018, but more than
the ~9 GtC held by the same amount of annual cropland. If linear growth in land under
perennial staple production continues to 2040, and replaces only annual cropland, an
additional ~0.95 GtC could be sequestered. Many perennial crops also had competitive
macronutrient density and yield (per unit area) compared to annual staples; moreover,
specific perennial staples are abundant in specific micronutrients, indicating that they can
be a nutrient-dense part of diets, unlike the most ubiquitous annual staple crops (corn,
wheat, rice) that do not appear in the top 85th percentile for any of the nine micronutrients
analyzed. Transition of land and diets to perennial staple crops, if judiciously managed,
can provide win-win solutions for both food production and ecosystems.

Keywords: perennial staple crops, perennial crops, agroforestry, yield, nutrition, carbon sequestration, tree crops,
food production
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INTRODUCTION

The challenge of growing and supplying food to a growing world
population involves balancing the production of multiple outputs
(food, fodder, raw materials, livelihoods) with multiple ecosystem
services and impacts (climate regulation, soil conservation,
wildlife habitat, energy use, pollution, etc.; Robertson and
Swinton, 2005; Foley et al., 2011; Campbell et al., 2017; IPBES,
2019a). Recent literature has recognized that both protected
areas and a favorable working landscape matrix are required
for conservation of natural services and wildlife (Kremen,
2015; IPBES, 2019a). The current agricultural system worldwide
is dominated by annual monocrops that do not constitute
such favorable matrix environments, namely wheat (Triticum
spp.), maize (Zea maysL.), soybean (Glycine max [L.] Merr.),
and rice (Oryza sativa L.), which cover over 1.29 billion
hectares of land globally (FAO, 2020). These systems, which
experienced steep yield gains over the post-war decades in
most of the world (Ray et al, 2012) are heavily reliant on
external inputs of energy, fertilizers, and pesticides, leading
to severe ecological consequences. These include 10-12% of
greenhouse gas emissions leading to global warming (IPCC,
2015), nutrient pollution leading to eutrophication in aquatic
ecosystems (Withers et al., 2014), erosion of soils leading to loss
of arable land and carbon cycle disruption (Lal, 2003), and the
pervasive decline of life on Earth due to landscape simplification
that degrades habitat for wildlife (Foley et al., 2005; Diaz et al.,
2019; IPBES, 2019a). Perennial agriculture, which includes both
woody and herbaceous crops that are grown for multiple years
without replacement, is a transformative alternative to the annual
systems driving these impacts (Wolz et al., 2017).

Perennials are a key component in the habitat quality of the
agricultural landscape matrix, and are thus often accounted for
in landscape ecology and landscape genetics studies, as they
allow for better movement of organisms between habitat patches
(Benjamin et al.,, 2008; Brady et al., 2011; Eycott et al., 2012)
or serve as primary habitat patches themselves (Bailey et al.,
2010; Horak et al., 2013). In addition to their benefits to wildlife
habitat and biodiversity, ecological studies link perenniality in
agricultural landscapes to additional ecosystem functions and
services that directly or indirectly contribute to the well-being
of people: soil carbon sequestration (Young et al., 2009; Cates
et al., 2016), pollination (Morandin and Kremen, 2013; Bennett
and Isaacs, 2014), pest regulation (Landis et al., 2000; Karp et al.,
2018), water quality (Gao et al, 2004; Blesh and Drinkwater,
2013), and soil erosion (Brady and Weil, 1986; Zuazo and
Pleguezuelo, 2007). Meta-analyses of empirical findings from
agroforestry systems (i.e., agricultural systems that have a woody
perennial component) have confirmed their ability to enhance
multiple ecosystem services, though the specific services they
bolster are highly context dependent (Pumarifio et al., 2015;
Torralba et al., 2016).

Applied ecological literatures (agroecology and agroforestry)
as well as the grassroots permaculture movement have long
advocated for the integration of long-lived perennial species
in diversified agricultural landscapes (Mollison and Slay, 1995;
Jose, 2009; Ferguson and Lovell, 2013; Asbjornsen et al., 2014).

Agroforestry is defined as a system that produces crops and/or
livestock products and includes woody plants. While most
agroforestry practices involve integrating non-food producing
perennials into the edges of annual agricultural landscapes
(as buffers, hedges etc.), in some cases, the woody plants are
themselves the primary crop, and tree crops have recently
been added to the definition of agroforestry by some authors
(van Noordwijk et al, 2016). This integration is a welcome
development, as it helps break down the somewhat artificial
boundary that has separated agroforestry practices that are
established and studied chiefly for ecosystem services (especially
in the temperate North) and tree crop systems that are established
and studied chiefly for food production (Lovell et al.,, 2018).
Food production from perennial crops is an important and
underappreciated dimension in the expanded definition of
agroforestry that needs to be centered and understood alongside
the environmental benefits of these multifunctional systems.

The potential of perennial systems has been reflected in recent,
major UN and gray literature reports on climate change that list
agroforestry and tree crops among the top solutions for both
climate mitigation and food production (Hawken, 2017; IPCC,
2019a). However, as discussed, any potential environmental
benefits of growing food perennially must be assessed in the
context of the yield intensity and nutritional value (as well
as the economics) of perennial crops compared to those of
annual crops.

Efforts to this end are actively taking place through breeding
projects to either perennialize herbaceous annual staple crops,
or domesticate wild perennial grasses for food production
(e.g., Kernza—Thinopyrum intermedium [Host] Barkworth
& D.R.Dewey, a domesticated version of a wild perennial
wheatgrass; Glover et al., 2012). For these breeding projects, and
for a few shorter-lived perennial staple crops that have congeneric
annual crops (such as beans), agronomic and environmental
outcomes can be directly compared to the equivalent annual
species (Vico and Brunsell, 2018; Schier et al., 2019). But
scientific analyses on a global food system scale are lacking
for already existing and nutritionally important perennial staple
crops. This may be due to the higher complexity of comparing
many dissimilar species, the perception that perennials are not
an important part of diets, the relatively lower prevalence of
perennial staples in the temperate North, and the long generation
times needed for breeding these crops (Mehlenbacher, 2003;
Molnar et al., 2013).

Perennial staple crops have been a part of people’s diets
throughout history, often signaling the transition from
nomadic lifestyles to long-term settlement (Smith, 2010). In the
Mediterranean basin, olive (Olea europaea L.), date (Phoenix
spp.), carob (Ceratonia siliqua L.), and chestnut (Castanea
spp.) endure as important crops from before recorded history
(Zohary, 2002; Zohary et al., 2012). The acorn (Qercus spp.), now
seldom eaten, was the carbohydrate base of numerous human
societies, called “balanocultures” (Bainbridge, 1985). Other
perennial staples have been more persistent: the “Castagnetu,”
or domestic/wild chestnut forest, still constitutes the basis
of agrarian life in inland Corsica (Michon, 2011). Olives still
dominate parts of the Mediterranean landscape and form the
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basis of cultural identity in several regions (Fleskens et al., 2009).
In the tropics, many species of palms used for their starchy
trunks, and sugary or oily fruit, are staple foods and have been
for millennia (Toensmeier, 2016). The walnut (Juglans regia
L.) and pistachio (Pistacia vera) forests of Kyrgyzstan have an
anthropogenic origin one to two thousand years ago and remain
an important source of resources and livelihoods today (Beer
et al.,, 2008). In North and South America, flour made from
mesquite pods (Prosopis spp.) was a staple for many Indigenous
cultures (Felker, 2005). Despite their persistence in some
regions, colonization and the adoption of cereal-based annual
agriculture in more parts of the world has generally spelled the
decline of ancient perennial crop-based societies (Smith, 2010).
However, perennial staple foods remain important sources
of nutrition, and several are sought-after for their health and
nutritional properties.

Most academic studies of perennials focus on economically,
but not nutritionally important commodities in the tropics
(coffee—Coffea spp. and cocoa—Theobroma cacao Tussac), or
on sugar and micronutrient-rich fruits in temperate regions
(apples—Malus domestica (Suckow) Borkh., pears—Pyrus spp.,
etc.). However, diverse species of perennials also provide staple
nutrition in the form of carbohydrates, fats, and proteins that,
in some cases, compare favorably to the yields of annual
staple crops. The contribution of perennial staple crops to food
production at present, and their potential for growth in the
future is not yet clear because the yields, distribution, and
nutritional value of these crops have not been systematically
categorized, synthesized, and compared to annual crops in the
scientific literature.

In this paper, we address this gap and ask the questions:
(1) What are the yield ranges of under-studied perennial staple
crops? (2) What is the current extent and spatial distribution of
perennial staple crop production? (3) What are the nutritional
properties of perennial staple crops? (4) How much carbon
are existing perennial staples holding in both biomass and
soil? To this end, we define and categorize perennial staple
crops, compare their yields to those of annual staple crops in
nutritionally analogous groups, report their total production,
map their geographical distribution, synthesize nutritional
information, and estimate their standing carbon stock. We hope
that this baseline information on the production, nutrition, and
climate regulation of perennial staple crops will enable future
work that incorporates these important, but under-studied,
foods into global and regional planning for land transitions,
market interventions, and agricultural policy that are required for
achieving sustainable food-security.

Perennial Staple Crops

The term staple crop is a food that is eaten regularly and
comprises a major part of people’s diets. Woody perennials often
bring to mind sugary fruits or stimulants like coffee or tea
[Camellia sinensis (L.) Kuntze] rather than staple crops. But
perennial plants are staple crops in some parts of the world
(for example, avocado—Persea americana Mill., banana—Musa
spp., coconut—Cocos nucifera L., and many others), providing
core nutrition in the form of carbohydrates, proteins and fats.

BOX 1 | Perennial crop types.

Staple crops: Perennials whose edible products contain high proportions
of carbohydrates, proteins, and fats. E.g., nuts, olive (Olea europaea), oil
palm (Elaeis guineensis Jacq.), avocado (Persea americana), perennial beans
(Phaseolus spp.), mesquite (Prosopis spp.).

Sugar crops: Perennial crops grown mainly for their sugar content. E.g.,
cane sugar (Saccharum spp.), date (Phoenix dactylifera L.).

Perennial vegetables: Perennials that are used for their leafy greens,
shoots, or flowers. These are often rich in micronutrients but not calorie-
dense. E.g., bamboo shoot (Bambusa vulgaris Nees), asparagus (Asparagus
officinalis L.), moringa leaf (Moringa oleifera Lam.), grape leaf (Vitis spp.).

Non-staple fruit crops: Typical orchard fruit that do not contain large
amounts of carbohydrates, proteins, and fats but are often culturally
important and rich in micronutrients. E.g., apples (Malus domestica), peaches
(Prunus persica [L.] Batsch), oranges (Citrus sinensis Pers.), etc.

Beverage/spice/medicinal: These are non-staple specialty foods that can
be economically and culturally important. E.g., Coffee (Coffea spp.), cocoa
(Theobroma cacao), spices, medicinal plants.

Perennial grains (in development): Breeders are currently working on
cross-breeding annual staples (grains) with wild relatives to produce perennial
grains, but with limited success; most lines are still weakly perennial. The more
successful breeding attempt is in the opposite direction: domesticating a wild
perennial grass. The Land Institute in Kansas, USA is currently producing
small amounts of Kernza (Thinopyrum intermedium), a perennial wheatgrass
bred for improved grain production.

Fodder crops: Perennials grown as animal feed. These overlap with both
staple crops (mesquite—Prosopis spp., chestnuts—Castanea spp., honey
locust—Gleditsia triacanthos L.) and non-staple fruit crops [persimmon—
(Diospyros kaki Thunb.), mulberry—(Morus spp.)].

Pasture: Many pasture and natural grassland species are long-lived
herbaceous (non-woody) perennials, which are either grazed directly or
mowed for hay year after year. E.g., perennial grasses, alfalfa (Medicago
sativa L.).

Industrial crops: Fiber, wood, chemical extracts. E.g., rubber (Ficus
elastica Roxb.), inedible oil, wax, gums.

We define perennial staple crops as those that have significant
amounts of these three fundamental nutrients (carbohydrates,
proteins and fats). This definition distinguishes perennial staple
crops from other categories of perennial crops, like sugar-
producing crops, industrial crops, perennial pastures, and
spices/stimulant/medicinal crops (Box 1).

We further categorize perennial staple crops into five
nutritional categories based on the proportions of carbohydrates,
proteins, and fats in the dry, edible portion of the crops.
Our synthesis of yields uses this categorization in order to
select appropriate annual comparator species. While calorically
important perennial staple crops are the focus of this paper, Box 2
situates them alongside other categories of perennial crops.

Some perennial staple crops (almond, banana, coconut, palm
oil) are already familiar global commodities (>$ 1 billion
USD/year, see Box 3). Others are minor global commodities.
Many though, are regional crops with fairly limited total
production, distribution and trade value. Box3 shows the
different categories of crop’s cultivation status, market-readiness
and commodification.
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BOX 2 | Nutritional categories of perennial staple crops.

Basic starch crops: (0-8% protein, 0-5% oil). These crops include crops
such as bananas (Musa spp.), chestnuts (Castanea spp.), plantains (Musa
spp.), breadfruit (Artocarpus altilis [Parkinson] Fosberg), air potato (Dioscorea
bulbifera), and starchy trunks (Metroxylon sagu Rottb., Ensete ventricosum
(Welw.) Cheesman). Comparable annual crops include cassava, sweet
potato, taro, and yams.

Balanced carbohydrate crops: (8.1-15% protein, 5.1-15% oil).
Carbohydrates can be from either starch or sugar. These crops include
crops such as Mayan breadnut (Brosimum alicastrum Sw.), mesquite pods
(Prosopis spp.), Tahitian chestnut (Inocarpus fagifer [Parkinson] Fosberg),
and Yeheb nut (Cordeauxia edulis Hemsl.). Comparable annual crops include
maize, wheat, rice, and potato.

Protein crops: (15.1+% protein, 0-15% oil). These crops include perennial
beans (Phaseolus spp.) and honey locust pods (Gleditsia triacanthos), as well
as processed leaf protein concentrates of herbaceous perennials like alfalfa
(Medicago sativa) and stinging nettle (Urtica dioica L). Comparable annual
crops include annual beans, chickpeas, lentils, pigeon peas, and cowpeas.

Protein-oil crops: (over 15 % both protein and oil). These crops include
seeds, beans, and nuts such as almonds (Prunus dulcis [Mill.] Rchb.), Brazil
nut (Bertholletia excelsa O.Berg), pistachio (Pistacia vera), walnut (Juglans
regia), and hazelnut (Corylus avellana). Comparable annual crops include
soybeans, peanuts, and sunflower seeds.

Oil crops: (0-15% protein 16+% oil). These crops are sometimes consumed
whole, while some are pressed for oil. They include olive (Olea europea),
coconut (Cocos nucifera), avocado (Persea americana), oil palm (Elaeis
guineensis), pecan (Carya illinoiensis), and macadamia (Macadamia spp.).
Comparable annual crops include rapeseed (canola).

BOX 3 | Cultivation status of perennial staple crops. Global crops are
defined by FAO statistical service. The remaining categories were adapted
following Toensmeier (2016).

Global crop: Crops are grown and traded around the world and have an
annual value greater than $1 billion USD. E.g., coconuts (Cocos nucifera),
avocado (Persea americana), almonds (Prunus dulcis), bananas (Musa spp.).

Minor global crop: Crops are grown and traded around the world, but
on a smaller scale than global commodity staple crops, having an annual
value lower than $1 billion USD. E.g., breadfruit (Artocarpus altilis), sago palm
(Metroxylon sagu), carob (Ceratonia siliqua), akee (Blighia sapida).

Regional crop: Crops have been domesticated and cultivated regionally
but adopted elsewhere. Sometimes traded globally, sometimes only traded
regionally. E.g., peach palm (Bactris gasipaes), yeheb nut (Cordeauxia edulis),
honey locust (Gleditsia triacanthos).

Wild crop: Crops that have strong historic or contemporary use as staples,
but are not domesticated and are little cultivated if at all. E.g., mongongo nut
(Schinziophyton rautenenii), Brazil nut (Bertholletia excelsa), North American
pinion pines (Pinus spp.).

New, in development, and experimental crops: Crops that are under
development by breeders to domesticate or perennialize them. E.g., tacay
nut (Caryodendron orinococense), perennial wheatgrass (Thinopyrum
intermedium).

METHODS

Categorization of Perennial Staple Crop

Into Nutritional Groups
Perennial staple crops were defined as perennial plants producing
carbohydrates, proteins, and fats at levels above certain

thresholds (Box 2). These were assembled based on the perennial
staple crops listed in Toensmeier (2016), only a subset of
which are included here due to the availability of adequate
data. We grouped crops into these five nutritional categories
following Toensmeier (2017) to generate intuitive “common
sense” groupings for staple crops. For example, most root crops,
as well as bananas and plantains, are “basic starch” crops. Pulse
crops tend to be “protein” crops (e.g., cowpea, chickpea), and
nuts and seeds tend to be protein-oil or oil crops. The categories
have been updated from Toensmeier (2017) in that they are
now based on edible dry weight macronutrient values. Though it
would be preferable to categorize based on nutrition percentages
from the foods as they are eaten (i.e., cooked grains, fresh
avocado, etc.), the nutritional values for most crops that require
cooking were not available for the cooked form. We therefore
chose to group and compare all crops on a zero moisture (dry
weight) basis, so as not to compare some fresh products to other
dry products. The disadvantages of this are that some perennial
staples are not eaten dry (avocado), while some are mostly eaten
as re-hydrated dry products (mesquite flour, enset flour, dry
beans), and some are eaten both fresh and dry (coconut). By using
dry weights, crops that are typically not consumed as staples, or
not widely known as staples, can be evaluated for their potential
as staple crops. Inedible portions like banana peels, avocado pits,
and nut shells were also removed from the calculations, resulting
in a dry, edible weight that was used for both yield and nutritional
comparisons. The disadvantage of using dry edible weights is that
farmers are more often paid on the basis of unprocessed (or semi-
processed) fresh weight, making our yield estimates less easily
converted to financial return.

Yields of Perennial Staple Crops

We used national average data from the Food and Agriculture
Organization (FAO) where available, and supplemented with
other sources of yield information (often gray literature) to cover
additional perennial staple crops. For each crop, we searched for
papers, and reports that reported on yields of the perennial staple
crops in the five nutritional categories. Searches were conducted
using the crop name (both scientific and common) and a variety
of keywords (yield, harvest, farm, production, productivity, fruit,
seeds, nuts) using a Google scholar and google proper internet
search, and the search results were screened up to page 7.
Searches were not exact, since for some crops, results were more
readily found than for others, which required more iterations
to find relevant results. Studies were included if they contained
information on crop production per area, from at least one field.
Yield data extrapolated from individual trees or a small number
of trees (common for poorly-studied crops) were not included.
However, in some cases gray literature reports that lacked robust
primary data, but were based on seemingly reliable farmer or
expert assessments, were included. Units were converted to tons
per hectare. Each reported yield was tagged with a data type based
on the scale of the observations or experiments they originated
from. The following data types were used: (1) research station, (2)
on-farm study, (3) multiple sites, (4) farmer/expert assessment
(5) regional assessment, (6) national assessment (mostly FAO
data), (7) Global average yields (FAO). The category “multiple
sites” refers to studies where several on-farm sites were studied,
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in contrast to regional assessments, which assessed average yields
for an entire sub-national region or administrative unit. Global
average yields for crops with country-level FAO data were not
included in the yield plots with the other data types except for
Brazil nut, where country-level information was not available.
Due to the dearth of yield information for some crops, we did not
require strict peer-review standards for this information, but we
did require that the information be traceable to a study location
or an author. The data category “farmer/expert assessment” was
something of a catch-all category for reports that were from a
trustworthy source (such as a government ministry, academic,
or farmer), but did not contain explicit methods for the area or
number of plants assessed.

To minimize large variation in fresh weight yields, we
calculated dry weight yields for only the edible portion of
each product (i.e, no shells, husks etc.). Sources and full
calculations for yield information and dry edible weights
are available in the Supplementary Materials available on
Figshare figshare.com/projects/Perennial_Staple_Crops/78756.

Global Distribution of Perennial Cropland
We re-analyzed a dataset of global geospatial crop distributions
(Monfreda et al., 2008) to show the contrasting distributions
of herbaceous perennial crops and woody perennial crops, as
well as the distinction between staple and non-staple woody
perennial crops. The raster dataset on 175 crops for the year
2000 was assembled as described in Monfreda et al. (2008),
and includes 15 perennial staple crops, the same ones with
FAO data. Wee recategorized the crop types for our purposes
into three nested layers of categories. First, all cropland was
classified into (1) annual crops, (2) annual/perennial grasses,
(3) perennial crops. The perennials were further classified into
(1) food, (2) fodder/forage, and (3) fiber/raw materials. The
perennial food crops were further classified into (1) staples (2)
fruit, (3) beverage/spice/medicinal plants. Herbaceous perennials
used chiefly to feed animals (alfalfa and clover) were in
the fodder/forage category. Most perennial food crops in the
Monfreda et al. (2008) are woody, but two (banana and plantain)
are large herbaceous monocots. For each cell, we produced
decimal ratios by dividing the amount of cover within each
cell in a sub-category of interest by the area total of its larger
category: namely, perennial crop area/total crop area; perennial
food crop area/perennial crop area; and perennial staple crop
area/perennial food crop area. We produced the maps using
these ratios combined with a color scheme highlighting high and
low ratios.

Data on the harvested area of the 15 perennial staple crops
that the FAO reports on were collected and averaged for the years
2013-2017. To supplement this data we also found harvested
area data for a few additional crops (pecan, macadamia, sago)
in other literature, including the US Department of Agriculture
(USDA, 2020), and the Mexican Secretariat of Agriculture and
Rural Development (SIAP, 2020).

Nutrition of Perennial Staple Crops
Nutritional values of each crop were collected from multiple
sources in the literature and averaged. Nutritional data for the

three macronutrients (carbohydrates, protein and fat) and nine
micronutrients (fiber, calcium, iron, magnesium, zinc, vitamin
A, folate, vitamin C, and vitamin E) were collected. Traditional
malnutrition is a set of nutrient deficiencies with iron, zinc,
vitamin A, iodine, and folate most prominent among them
(Muthayya et al, 2013). In contrast, deficiencies in industrial
diets increase risks of obesity, diabetes, heart disease, high blood
pressure, and osteoporosis. Key nutrient deficiencies in these
industrial diets are fiber, calcium, magnesium, and antioxidants
like vitamins A, C, and E (Suter, 2005; USDA USHHS, 2011;
de Baaij et al., 2015; Siti et al., 2015). Accordingly, we selected
micronutrients that are deficient from either traditional or
industrial diets: fiber, calcium, iron, magnesium, zing, folate, and
vitamins A, C, and E following Toensmeier et al. (2020). Iodine is
not present in most terrestrial foods, so it was not included.

Similarly to the yield calculations, we calculated the nutrient
content on the basis of the dry, edible portion of each crop.
Error bars (95% confidence intervals) were calculated. When
only one nutrient value was found in the literature, no error
bars were calculated. Pigeon peas (Cajanus cajan) can be grown
both annually and perennially, so nutrient information reported
for this species (which did not specify annual or perennial)
was used for both. Nutrition information for Leaf Protein
Concentrate (LPC) of stinging nettle wasn’t available, so nutrition
information for blanched nettle leaves was used instead as a
rough approximation. Rapeseed, which was the only annual
comparator for perennial crops exclusively pressed for oil (and
not also consumed as a fruit, seed, or nut), did not have nutrition
information available on the basis of the seed (only the pressed
oil); there is no annual comparator for nutrition in the oil
category for this reason. Data tables with full references for
the sources of nutritional data are available on the figshare
data repository under the project “Perennial Staple Crops”
figshare.com/projects/Perennial_Staple_Crops/78756.

To calculate macronutrient yield per hectare, nutrient content
was combined with yield information. For crops with FAO yield
data, the FAO global yields averaged from the years 2013-2017
were used. For crops with no FAO data, average yields from
our literature review were calculated (regardless of data type).
These average yields cannot be considered true estimates because
they do not take into account data type or attempt to weight
the different yield reports, and are therefore not robust, but
merely rough calculations of yield potential. Since uncertainty
is not provided from the FAO for their global estimates, and
since our own yield calculations cannot provide a true mean and
standard deviation, uncertainty was propagated from nutrition
data only (not from yield data) by the standard formula for error
propagation by multiplication/division (Taylor, 1997).

Nutritional values on total carbohydrates were entered as
reported in the literature. The challenge is that this value includes
not only starch but also sugar and dietary fiber, which are also
“carbohydrates” in that they are composed solely of carbon,
hydrogen, and oxygen. Thus, a value for starch is unavailable for
most crops.

Systems for reporting Vitamin A content have varied over the
past decades. Here, all values are converted to mg Retinol Activity
Equivalent (RAE), the current international standard.
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Carbon Stocks

The total carbon stock for a perennial system is the sum of
carbon from different pools: above-ground biomass (AGB),
below ground biomass (BGB), dead biomass, and soil organic
carbon. For above- and below-ground biomass, we looked for
mean standing carbon stocks over the lifetime of a crop rather
than carbon sequestration rates. This is because biomass (and
thus carbon) accumulates over the life of a perennial system
in a non-linear fashion. However, mean stocks can only be
reported when biomass measurements for different sizes of trees
(or allometric equations that correlate with age) are combined
with information about the typical length of a perennial crop’s
productive life. Such means were only sometimes reported in
the literature. Thus, for crops where we found multiple citations
or reports on biomass for multiple ages of trees, these were
averaged. For crops for which we could only find a single report
from a sample of a certain age, it was used, or if the age was
considered mature, the biomass was halved for a conservative
estimate of mean standing stock. For crops for which we found no
information on biomass, we substituted values from similar crops
(for example plantain and banana). Regarding the inconsistency
of carbon pools reported for biomass across publications (AGB
and BGB and undergrowth/dead biomass), where only AGB
was reported we obtained BGB by multiplying AGB with the
conversion factor 0.21, which is a conservative BGB:AGB ratio
from the range for forest cover from volume 4, chapter 4, table
4.4 of the Refinement to the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories: Agriculture, Forestry and Other Land
Use (IPCC, 2019b). We did not include litter and dead biomass
unless these were reported together and couldn’t be separated.
To obtain values of tons carbon/ha we additionally carried out the
conversion of C = 0.5%(mass of dry matter) if the publication had
not already done so. In addition, we sometimes obtained separate
information about typical planting density for a particular crop
so that we could use publications that reported on biomass or
generated allometric equations from a small number of trees (i.e.,
publications that did not report carbon stocks on a per hectare
basis or report planting density).

We used the soil organic carbon stock estimates for 3
climates (temperate, tropical, and Medditerannean) from Ledo,
Smith, Zerihun, Whitaker, Vicente-Vicente and Qin (2020) meta-
analysis of soil carbon under perennial agriculture (Table 1).
These soil organic carbon stocks were matched to each crop
depending on its growing conditions, and summed with the
biomass carbon estimates discussed above. To obtain an estimate
of standing stock from perennial staples globally, these per-crop
mean carbon stocks were multiplied with the harvested areas
of the 15 perennial staple crops reported from the UN FAO,
as well as those for 4 more crops (pecan, peach palm, sago,
and macadamia) which were obtained from other references.
Standing carbon stock was calculated as follows:

Carbon stock perennial (Mt C) =

Z (biomass carbon;(tC/ha) + soil carbon;(tC/ha))*area harvested; (ha)
1000 000(tC/MtC)

TABLE 1 | Soil organic carbon estimates for perennial crops in different climatic

regions.

Climate SOC under perennial agriculture (t/ha)
Arid 19.15

Boreal 134.7

Mediterranean 71.4

Temperate 116.9

Tropical 143.3

Reproduced from Supplementary Material, L.cdo et al. (2020).

Where i is the perennial staple crop, and j is the climate
it matches (Table1). For all the biomass values found in
literature, and how these were applied to the 19 crops, refer to
Supplementary Tables on figshare figshare.com/projects/Perenn
ial_Staple_Crops/78756.

To estimate changes in biomass carbon for several scenarios
of land conversion to 2040, data on the adoption of 15 perennial
staple crops from 1968 to 2018 from the FAO Statistical service
was used to project harvested area 20 years forward (to 2040)
using a linear projection. The changes in biomass of carbon
stocks were calculated by subtracting the standing stock of
carbon of a comparator comparator land cover type (forest,
grassland, or annual cropland) from mean standing stock of
carbon for each of the perennial species (calculated above).
The carbon stocks of the comparator cover types in different
climates were obtained and matched to the climates of each
of the perennial crops as follows: the mean AGB carbon
stock of various forest types were retrieved from Volume 4:
Agriculture, Forestry and Other Land Use, Chapter 4, table 4.7
of the Refinement to the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories (IPCC, 2019b), and multiplied
by the ABG:BGB ratios from table 4.4 and matched to the
environments where perennial staple crops are grown. These
were multiplied with AGB:BGB carbon ratios obtained from
table 4.4 to obtain the below-ground carbon estimates for each
forest type. These were then summed to obtain biomass carbon
estimates that include above and below ground carbon. Biomass
carbon stocks (above and below ground combined) for grassland
were obtained from Volume 4: Agriculture, Forestry and Other
Land Use, Chapter 6, table 6.4 of 2006 IPCC Guidelines for
National Greenhouse Gas Inventories (IPCC, 2006). Biomass
carbon stocks for annual cropland were obtained through a
re-analysis of the dataset from Monfreda et al. (2008) for annual
crops only in 14 world ecoregions. For harvested area values
from the linear projection and for the values of biomass carbon
for the comparison land cover types that were matched with
each perennial crop by climate, refer to Supplementary Tables
on figshare figshare.com/projects/Perennial_Staple_Crops/
78756.

For changes in soil carbon stocks after conversion
from other cover types to perennial crops, we used the
change in carbon stock/ha over 20 years after conversion
from Ledo et al. (2020) (reproduced in Table2). This
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TABLE 2 | Soil Organic carbon transitions to 100 cm below the surface over 20
years after transition.

Transition Change in SOC over 20 years (t/ha)
Annual crop to perennial +5.7 (£11.0)
Grassland to perennial —13.6 (+£8.9)
Forest to perennial —40.1 (£16.8)

Reproduced from Table 1 of Ledo et al. (2020).

was summed to the change in biomass carbon stock
and multiplied by the change in harvested area for that
species (equation 2).

((biomass carbon; — biomass carbon;,;)
+ Asoil carbon over 20 yrs;)
* Aarea harvested;

1 000 000(+C/MtC)

A carbon stock (MtC) = Z

Where i is the specific perennial staple crop, and j the
comparison land cover (annual cropland, grassland, or forest).
biomass carbon j,; is thus the biomass carbon land cover
type j, matched to climate and humidity of perennial i as
discussed above; this value is set to 0 for j = annual cropland.
Asoil carbon over 20 yrs; is the change in carbon over 20 years
from the land transition between the comparison land cover, j,
and perennial cropland (Table 2). Aarea harvested; is the change
in area harvested for a particular crop based on a subtracting
the current area harvested (2013-2017 average) from the linear
projection to 2040.

RESULTS

Characteristics and Yields of Perennial
Staple Crops

With the literature review, we expanded the set of available yield
estimates for perennial staple crops from 15 (records kept by
the United Nations Food and Agriculture Organization) to 51
(Supplementary Table 1).

In the basic starch category, two perennial crop species stand
out for having high yield potential: sago and enset (Figure 1A).
Sago (Metroxylon sagu) is a palm grown mostly in Indonesia
and Malaysia (Jong, 2018) which is used for its starchy trunk.
Enset (Ensete ventricosum), like banana, is a giant non-woody
perennial monocot which is grown in Ethiopia and used for
its large, starchy corm and trunk. Both plants are consumed as
regional staples, and are similar in that their edible starches are
derived from destructive harvest and processing of vegetative
parts of the plant after several years of growth as opposed to
the harvest of an edible fruit year after year (in the case of sago,
only one trunk of the multi-stemmed palm is removed at a time
leaving the rest to continue growing; in the case of enset, the corm
may be left behind to regrow, or it may be harvested with the
trunk, thus killing the plant). While the yield reports we found
for these crops had a wide spread, yields exceeding 8 t/ha have

been reported, well above typical yields of all the annual staple
comparators in this category. Breadfruit (Artocarpus altilis), a
tropical tree with a starchy fruit that is related to the familiar
jackfruit, and carob (Ceratonia siliqua), a mediterranean legume
tree with edible pods, are additional carbohydrate-rich crops that
have similar yield levels to the familiar perennial staples, banana
and plantain, and to the annual starchy tuber comparators in
this category.

In the balanced carbohydrate category, which contains many
of our most familiar annual staples including corn, wheat, potato,
and rice, the perennial mesquite (Prosopis spp.) stands out as
a crop with high yield potential, while the other perennials in
the category have lower yields than the annuals (Figure 1B).
Mesquite is the common name for several species of leguminous
tree in the genus Prosopis, native to the Americas, Africa and
Southern Asia and ranging widely in habitat from tropical and
hot arid, to temperate climates. The trees have wholly edible
pods that can be used for animal fodder or processed as flour
for human consumption, and some species can grow in arid
and high salinity conditions (Felker et al., 1981). Mesquite was
used extensively as a staple food by Indigenous peoples in the
Southeast of North America, Argentina, and Peru, and also as
a fodder crop and fertility enhancer for intercropped annual
grains in the Indian subcontinent for centuries (Felker, 2005).
While Mesquite has been studied as a raw ingredient for the food
industry (Meyer et al., 1986; Del Valle et al., 1989), and found
some success commercially and through community programs
that offer milling services (Desert Harvesters, 2008), it is still
overexploited for timber and charcoal, not yet extensively grown
on purpose for commercial food production and could still be
improved through trait selection across large parts of its range
(Felker, 2005).

The protein category (Figure 1C), is unsurprisingly
composed of leguminous species. Some of these are bean
trees (Chachafruto—Erythrina edulis Triana, Honey Locust—
Gleditsia triacanthos, Edible Acacia—Acacia colei Maslin &
L.A.J.Thomson), while others are species of vining beans that
become woody and persist for many years in warmer climates
(vine types of runner bean—Phaseolus coccineus L., lima bean—
Phaseolus lunatus L., sword bean—Canavalia gladiata [Jacq.]
Kuntze). Pigeon pea (Cajanus cajan [L.] Millsp.) is a perennial
legume bush which is a widespread staple in India. Interestingly,
it is chiefly grown as an annual, but has received some attention
as a perennial component in annual intercropping systems
in place of the non-food producing leguminous trees (like
Leucaena) typically used in arid alley cropping (Daniel and Ong,
1990; Waldman et al., 2017). The African yam bean (Sphenostylis
stenocarpa Harms) is an interesting crop in that it is grown for
both its beans (which can be harvested perennially), and its
large edible tuber (thus ending its life); this underutilized crop is
being studied for traits and genetic markers to assist in breeding
(Adewale et al., 2012, 2015). Finally, the protein category also
includes alfalfa (Medicago sativa) and stinging nettle (Urtica
dioica) for their leaf protein concentrate (LPC), a tofu-like
product created by deriving protein-rich curds from leaf juice
or pulp. LPC can be made from a wide variety of palatable
leaves, but these are included because of the availability of data.
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FIGURE 1 | Yields of perennial staple crops. Left panels contain annual crops, right panels contain perennial crops. Each point represents one data point (t/ha of dry,
edible portion) from the literature, color coded by data type (see methods for full reference list). Box plots show the mean (line through box), 25th and 75th percentile
(top and bottom of box), largest and smallest value within 1.5 times of interquartile range (top and bottom of whiskers). Green points (National Assessments) are

mainly FAO data. (A) Basic starch crops; (B) balanced carbohydrate crops; (C) protein crops; (D) protein-oil crops; (E) oil crops.
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Of the bean trees, vines/bushes, and LPC crops, chachafruto,
vining runner & lima bean, and alfalfa LPC have the highest
reported yields, respectively. Honey locust has large variation in
reported yields.

The protein-oil category was the largest of the five nutritional
categories, with 18 perennial staple crops including many
familiar nut species (Figure 1D). Of these, the species with
the highest reported yields are the Asian breadnut (Artocarpus
camansi Blanco), Inche/tacay nut (Caryodendron orinocense
H.Karst.), and Brazil nut (Bertholletia excelsa O.Berg). Asian
breadnut is the wild ancestor of the breadfruit (Artocarpus
altilis) and is still an important staple in New Guinea. Both its
flesh (when immature) and seeds (when mature) are consumed.
Inche/Tacay nut and Brazil nut are both South American nuts
that are chiefly still wild-harvested and have not undergone
domestication. Tacay nut can be cultivated and grown in
plantations, though it isn’t clear to what extent it has been planted
(Wickens, 1995; PFAF, 2020). In contrast, Brazil nut requires
pollination from wild bees, and attempts at plantations have had
low yields (Cavalcante et al., 2012). In summary, all three of these
species are essentially undomesticated and partially to largely still
wild-harvested, yet they have reported yields significantly higher
than the widely domesticated and cultivated species of perennials
(such as walnuts, hazelnuts, pistachio and cashew) as well the
annual comparators in the same category.

The oil category (Figure 1E) is dominated by the intensively
produced African oil palm (Elaeis guineensis) which boasts high
national average yields and is a familiar global commodity
ubiquitous in the processed food industry. The crop with the
second highest yield, macadamia nut, includes three species from
the genus Macadamia, all of which are native to Australia, where
they are commercially produced along with Australia, South
Africa, Hawaii, and elsewhere. Though they are familiar high-
value nuts, this crop still lacks official UN FAO data. Peach
palm (Bactris gasipaes Kunth) is the next highest yielding crop
in the oil category. Like the African oil palm, it is also a palm
tree, but native to the New World. It has many edible uses:
its palm heart and flower shoot are eaten as vegetables, while
its starchy and oily fruit is cooked and eaten as a staple in
many forms (our reported yields relate only to the fruit). The
peach palm was domesticated before European colonization,
and encompasses many landraces with variable genetics and
characteristics (Mora-Urpi et al., 1997). While the heart of palm
has been commercialized successfully, the fruit is still cultivated
mainly as a subsistence crop for local consumption and sale;
its use by Indigenous peoples as a staple with many processed
products has failed to gain commercial traction and only small
amounts are processed and sold internationally (Clement et al.,
2010; Graefe et al.,, 2013). Coconut, avocado, and olive, three
important and globally commodified staple perennial crops in the
oil category, have generally lower yields than the less ubiquitous
perennial staples peach palm and macadamia.

Global Distribution of Perennial Staple
Crops

While yield information is crucial for understanding the intensity
of production, the geographic distribution and harvested areas

of these crops are necessary to understand their current
extent. Based on Monfreda et al. (2008), perennial crops
comprise 12 percent of global cropland (Figure2). Of this,
80 percent produces food, while the remaining 20 percent
produces forage and fiber/raw materials. Previous spatial
analyses have investigated tree cover on agricultural land, but
haven’t distinguished between different classes of food-producing
perennials (Zomer et al., 2009). We therefore distinguished
between perennial staples and other food-producing perennials.
Out of all food-producing perennial croplands, 34 percent is
in perennial staple crops. The remainder is devoted to non-
staple perennial crops: fruit (46.7 percent) and beverages, spices,
and various medicinal plants like coffee, cocoa, kola nut,
cardamom, etc. (18.5%). The spatial analysis of area harvested
only includes the 15 perennial staple crops included in the
Monfreda dataset, which are the same as those with UN data
(Supplementary Table 1).

The estimate of 42.1 million hectares, or 4.2% of total
cropland in perennial staple crop production (Figure2) is an
underestimate for two reasons: first, the Monfreda et al. (2008)
dataset is more than a decade old; more recent UN FAO data gives
a total of 65.4 million ha, or 4.7% of total cropland in perennial
staple crop production (FAO, average of 2013-2017). Second, as
mentioned, both the UN FAO and Monfreda et al. (2008) datasets
are based only on 15 perennial staple crops. For example, pecan,
macadamia, and sago palm are three perennial staple crops with
at least some accessible harvested area data that are not included
in these global datasets. The area of pecans harvested from the US
and Mexico (which dominate world production) in 2019 totalled
~320 000 ha (SIAP, 2020; USDA, 2020). The area of macadamia
harvested in 2018 is around ~65 000 ha (calculated by dividing
global production in pounds by Hawaii yields; AgriOrbit, 2018;
USDA, 2020). The area of sago palm harvested is as high as 6.5
million ha according to Bintoro et al. (2018), though some of
this area overlaps with diverse smallholder polycultures. These
estimates, together with the minor global and regional crops
that have limited or no available area data indicate that even
the more recent UN FAO estimates are low. Nonetheless, the
geographic distributions and overall ratios between the different
crop types summarized in Figure 2 are likely to be similar given
that underreporting in the UN FAO data may be occurring for
both minor perennial and annual crops.

Of the 51 perennial staple crops in our dataset, 62% are
subtropical or tropical, 19% are temperate or Mediterranean,
and 19% span across temperate to tropical ranges (Table 4;
Supplementary Table 1).

Whether in the tropics or in temperate climates, the current
area harvested of perennial crops does not necessarily correspond
to yields (i.e., production per unit area; Figure 3A). Oil palm is
an outlier in that it far outcompetes the other crops in both the
yield and area of production, but if this crop is left out of the data,
there is no correlation between the yield and area in production
of perennial staple crops for which production data is available
(P = 0.94). This is not unexpected in a system that optimizes
for profitability rather than food production, but it highlights
the potential gains in food production that are possible under
differently regulated market conditions.
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FIGURE 2 | Land in perennial production. (A) Perennial cropland as a ratio of total cropland. (B) Food-producing perennial cropland as a ratio of total perennial
cropland. (C) Staple crop producing perennial cropland as a ratio of total food-producing perennial cropland. Data categorized and re-analyzed from EarthStat
database (Monfreda et al., 2008). Figures and table results were produced in R using the raster, rasterVis, and maps packages.

»
Q
1.0 g All cropland Harvested Percent
0.8 = area total
® . (Million ha) cropland
06 2
o Annual crop 1017.9 80.7
04 5
02 & Annual/perennial grasses 91.5 7.2
> [
c
0.0 [ Perennial crop 152.5 121
a
s
c
S Perennial cropland Harvested Percent
1.0 ® area perennial
0.8 g' (Million ha) cropland
©
06 - Food 121.2 79.5
©
94 E Forage 222 14.6
02 © s : :
0.0 a Fiber/raw material 8.9 5.9
?
e
® Perennial food cropland Harvested Percent
1088 area perennial
085 g (Million ha) food
S cropland
0.6<€ 2
0 4§ £ Staple 421 34.8
o =
022 2 Fruit 56.6 46.7
a:
0-03 k= Beverage/spice/medicinal 22.4 18.5
7

Indeed, many perennial crops with potentially high yields
are not global commodity crops (Table 4), and therefore their
total production and harvested areas are not known. These
high-yield potential non-commodity perennial staples (those
with a mean yield of >2.5 t/ha; Figure 3B) have comparable
or potentially higher yields to many global commodity crops.
Indeed, only 29% of the perennials in our wider dataset of 51
crops were defined as global crops, while the remaining 71%
were minor global, regional, or new/historical/wild/experimental
crops (Table 3; Supplementary Table 1).

Nutrition of Perennial Staple Crops

The three macronutrients on which we based our categorization
(carbohydrates, proteins, and fats) fulfill people’s basic caloric
needs, while micronutrients (vitamins and minerals) provide
essential additional components of nutrition. Figure 4 shows the
crops with the highest proportion of the three staple nutrients on
the basis of dry edible weight (Figures 4A-C). For carbohydrates,
sago palm, cassava, and enset have the highest proportion of
starch. This is unsurprising since both sago palm and ensets
nutritional data pertain to a processed product which is extracted

from the tree trunk. Breadfruit, chestnut, mesquite and plantain
also rank in the top 85 percentile for carbohydrate content.

For protein content, alfalfa LPC ranks first; this nutritional
information pertains to a processed tofu-like extract, not the
raw leaf. A variety of legumes as well as less familiar perennial
crops (yellowhorn—Xanthoceras sorbifolium Bunge, oyster nut—
Telfairia pedata Hook., colocynth—Citrullus colocynthis [L.]
Schrad.) make the top 85th percentile along with the annuals
soybean and peanut.

The crops with the highest concentration of oil were all
perennials. Rapeseed (Brassica napus L.), an annual which is
chiefly grown for oil, was not included because its nutrient
content was not available in raw form (only as a pressed oil),
but other annuals which are regularly pressed for oil (sunflower,
safflower, soybean, corn etc.) were included.

Based on the combination of nutritional density with yield
estimates, perennial crops can produce large amounts of
macronutrients per unit area (nutrient yield; Figures 4D-F).
These macronutrient yields provide several insights: for example,
mesquite, a perennial we classified in the “balanced carbohydrate”
category could produce more carbs per unit area than other
perennial crops in the “basic starch” category like plantain and
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TABLE 3 | Region and cultivation status of perennial staple crops.

Climate/region

Subtropical to Temperate to Both Total
tropical Mediterranean
Cultivation status

Global crop 7 4 4 15
Minor global crop 3 4 14
Regional crop 14 3 2 19
Historical/new/wild/experimental 0 0 4
crop

Total 32 10 10

Includes 51 crops (52 in this table because hardy and tropical Mesquite were separated) for which yields were obtained. The climate/region category “both” means that these crops
range across or between the two other categories, for example, Mediterranean to subtropical. See Supplementary Table 1 for detailed information on climate and cultivation status

of each crop.

banana (these two do not appear in the top 85th percentile
of carbohydrate production per unit area). Thus, crops with a
lower proportion of a particular nutrient might still produce
more of that nutrient per unit area if their yields are high.
This analysis shows that for all three categories, the top crop
for nutrient content (sago palm, alfalfa LPC, and oil palm

Figures 4A-C) is also the top crop for nutrient production
per unit area (Figures4D,E). The presence and rankings of
subsequent crops differ variously in each category. In all three
categories, nutrient production per unit area (Figures 4D-F)
dropped off faster than nutrient content (Figures4A-C),
indicating that yields are more variable than the staple nutrient
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FIGURE 4 | Macronutrient content and yields of perennials relative to select annuals. (A-C) Show staple nutrient content (g/100 g) for leading crops (those in the 85th
percentile and higher for that nutrient). Nutrient content is based on the dry, edible portion of each crop. (D-F) Show estimated yields of each staple nutrient
(kg/hectare) for leading crops (those in the 85th percentile and higher for each respective nutrient yield). If available, yields from the UN FAO were used; for crops
without UN yield data, we used a mean yield estimate from our literature review. Error bars are 95% Cls based on distribution of nutrient data only; if absent, only one
source of nutritional data was available for that nutrient of that crop.

content of top staple crops, particularly for carbohydrates
and oil.

Perennial staple crops also provide other micronutrients,
which are important for addressing both traditional and
industrial malnutrition (see methods), including fiber, calcium,
iron, magnesium, zinc, folate, and vitamins A, C, and E.
We found that specific perennial staples are abundant in
specific micronutrients, indicating that they can be a nutrient-
dense part of diets, unlike the most ubiquitous annual
staple crops in people’s diets (corn, wheat, rice) that do
not appear in the top 85th percentile for any of the 9
micronutrients (Figure 5).

Carbon Sequestration of Perennial Staple
Crops

Perennial staple crops, like other perennial land cover types,
accumulate and hold carbon in their biomass and soils over their
lifetimes. From biomass carbon and soil carbon estimates with
harvested areas for 19 of the most commercialized perennial
staple crops (see methods), we found that perennial staple crops
are currently holding ~11,386 MTC globally (Table 5), less than

one third of the annual anthropogenic emissions from all sources
for 2018 of 37 Gt CO; equivalents (Le Quéré et al., 2018). These
stocks do not take into account the fate of stored carbon at the
end of a typical growing cycle, which could differ significantly
depending on how biomass and soil are managed during clearing
and replanting, but rather represent mean standing stock. If
this same agricultural land was under annual cover, it would
be sequestering ~8,958 MTC globally, due to lower soil carbon
stocks and lower mean biomass of annual crops.

Based on a linear projection of the increase in land under
perennial staple production for 15 crops, this standing stock
would grow to 14,389 MTC in the year 2040. The land cover that
is replaced by perennial staple crops in this projection determines
whether this standing stock is likely to represent a net increase
or decrease in stored carbon: conversion from annual cropland
and grassland would likely increase sequestered carbon (Table 4).
The opposite is true for land transition from forested land to
perennial staple crops, as the latter generally hold substantially
lower carbon stocks than do intact forests (Lasco, 2002). For
carbon stocks and projected changes in carbon per crop, see
Supplementary Table 2.
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FIGURE 5 | Micronutrient content of perennials. Plots (A-I) show the crops in the 85th percentile and higher for micronutrient content (g/100 g). Error bars are 95%
Cls; if absent, only one source of nutritional data was available for that nutrient of that crop. Nutrient content is based on the dry, edible portion of each crop. Note that
pigeon pea can be grown as an annual or perennial, but there isn’t separate nutritional information for each. Error bars reflect wide nutrient composition variation
reported in the literature, and may reflect different crop varieties, soils, and growing systems. For example, there are hundreds of varieties of bananas, seaberry
(Elaeagnus rhamnoides) is a new crop with a wide genetic base, and Tahitian chestnut (Inocarpus fagifer) is grown on hundreds of Pacific islands, with populations
that have been isolated by thousands of miles for millennia.

TABLE 4 | Global carbon stocks and changes from perennial staple crops. conversion takes place (see Methods) they do not represent
more realistic scenarios where increases in harvested area for

Carbon stock perennial staple crops MegaTonnes C . . .

P P P 9 each perennial staple crop replaces a geographically-informed
Present 11386 amount of cropland, grassland, and forest. Our estimates are
2040 projection 14.389 conservative in that they only include crops for which we had

harvested area data at present (19 crops) and historically (15

Change in carbon 2040
crops) (Supplementary Table 1).

Annual cropland to perennial +949
Grassland to perennial +132
Forest to perennial -3,145

DISCUSSION
Carbon stocks and changes include both biomass carbon (above ground and below
ground) and soil carbon. Agronomy of and Nutrition From Perennial
Staples
Our collation of yield data indicates that numerous perennial
While these simplified calculations of 100% conversion from  staple crops have yield ranges that are competitive with familiar
one cover type (annual cropland, grassland or forest) to perennial ~ annual staples. The extent of perennial staple crop production
staple crops do take into account the climate in which the is currently modest covering 4.2-4.7% of total cropland. In
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addition, specific perennial staple crops have high macronutrient
and micronutrient content necessary for fulfilling people’s
dietary needs.

The yield ranges we found in the literature were often
wide. This reflects the diverse climates, soils, and management
practices under which crops are cultivated, as well as different
levels of maturity of crops in various studies. The yields reported
here for non-FAO crops should be interpreted as the range of
potential yields, not as actual estimates of global yields. Indeed,
even some global crops (macadamia and pecan, two highly
commercialized crops in the oil category), do not have FAO
yield and production data. Nonetheless, the ranges of yields
collected here highlight crops with high yield potential. Eleven
of the 12 perennial staple crops with the highest yield potential
(estimated yields above 2.5 t/ha) are subtropical to tropical crops
(Figure 3B). Perennial staple crops in the temperate North and
Mediterranean are certainly not to be disregarded, but the variety
of perennial staples with high yields in the tropics and subtropics
justifies particular research and policy attention.

As this study only includes perennial staple crops for which
we could find yield estimates with adequate evidence, many
interesting crops were not included here at all. Crops with
no available yield information, or those without citable yield
information, should not be neglected; on the contrary, they
require more scientific attention. For example, oyster nut
(Telfairia pedata Hook.), safou/butterfruit (Dacryodes edulis
[G.Don] H.J.Lam), African breadnut (Treculia africana Okafor),
and souari nut (Caryocar villosum Pers.) are all crops that
are used as regional staples, but for which we could not find
citable yield information. Toensmeier (2016) has assembled
comprehensive lists of perennial staple crops, most of which lack
yield information, which could be the basis of further study.
Other clearinghouses for information on plants such as Plant
Resources of Africa should ensure that the information they
provide is cited to its source.

Nutritional information was generally more available than
information on crop vyields. This may be due to the fact
that many of the diverse and barely-documented perennial
staple crops cited in Toensmeier (2016) are grown in diverse
agroforestry settings rather than plantation settings (discussed
further below) where per-hectare yields are hard to calculate
and not well-documented. These little-documented local and
traditional crops are likely to be contributing substantially
to both the nutritional and cultural health of communities,
which rely on diversity of foods, not only quantity of calories
(Smith and Haddad, 2015). Of course, many annual staple
crops are also nutritionally important and constitute an
essential part of gastronomic cultures. Moreover, specific
annual crops may be more nutritionally dense than their
perennial counterparts in some cases, as documented in one
study of micronutrients of annual and perennial Phaseolus
species (Schier et al., 2019). We do not advocate for the
outright replacement of annual crops, but rather, for a re-
emphasis on perennial staple crops in those geographic and
cultural contexts where exotic annual staple crops have been
privileged by development agencies and colonial sensibilities

over culturally established, Indigenous, perennial staple

crops (Brandt et al, 1997; Chifamba, 2011; Rogé et al,
2016).

Perenniality and Growth Form

While most of the plants discussed here are woody trees and
shrubs, some are perennial vines, some are perennial herbs
(alfalfa, stinging nettle), and some like banana, plantain and
enset, are giant tree-like herbs. The range of lifespans among
the crops is large: from just 2 to 3 years (pigeon pea) to many
hundreds or up to a thousand years (Brazil nut, olive). Several
short-lived perennial staple crops including sorghum (Sorghum
bicolor [L.] Moench) and cassava (Manihot esculenta Crantz)
have not been included here, because while they can be grown
perennially for 2-3 seasons, they are usually cultivated as annuals,
and data on their yields as perennials is lacking. The practice of
ratooning (cutting crops near their crown after a first harvest)
is an Indigenous management practice in Western Africa that
predates the cultivation of sorghum and pigeon pea as annuals,
and can result in consistent second and third harvests with
minimal effort under some conditions (Rogé et al., 2016). Thus,
while we were able to include pigeon pea in this study, more
data is needed on the yields and other outcomes of growing other
herbaceous or shorter-lived perennial crops for multiple seasons,
and the cultural practices that enable this.

Most of the crops in this study produce edible fruit (including
soft fruits, nuts, beans, and capsules) that are harvested year after
year without damaging the plant. In contrast, the edible content
of sago palm and enset, two of the highest yielding crops in this
study, is stored in their trunks or underground corm, and are
harvested at the end of a multi-year growth cycle. For sago, the
individual trunks are destroyed when they are harvested, but
the plant is a multi-stemmed palm that continues to produce
new trunks for many years, and will have multiple trunks of
different ages present in each clump at any given time. Enset
can be harvested for its trunk only, in which case stems will
regrow, but also for its corm, in which case the harvest is terminal.
African yam bean and air potato are interesting in that they
produce staple foods on an ongoing basis perennially (beans and
aerial bulbils, respectively), but also have edible tubers that can
be harvested at the end of the plant’s productive life or when
they are needed. The destructive, terminal harvest of vegetative
parts of perennial plants can serve as a “famine buffer” in times
of scarcity.

For example, enset ensured greater food security for millions
of people in Ethiopia’s Southern highlands during the famines of
the 1970s and 1980s (Brandt et al., 1997). But, enset stands are
sometimes being harvested earlier than the full 4-11 year cycle,
thereby depleting stands before they mature (Borrell et al., 2020).
Thus, while the harvest of stored calories in enset trunks and
corms can mitigate food shortages for a time (Brandt et al., 1997),
the depletion of enset stands or their loss due to other reasons
reduces their subsequent ability to mitigate further disruptions
in the food supply and they take longer to recover (Quinlan
et al., 2015). This example demonstrates how perennials with
edible vegetative parts that are destructively harvested can serve
as food “insurance” but cannot do so indefinitely. If they are used
as a line of defense when annual food supplies diminish, they
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must be accumulated ahead of time and replenished during times
of plenty.

Perennial Staple Crops in Agroforestry

Systems

Perennial staple crops can be managed in many ways,
from carbon-intensive fertilized and sprayed monocultures,
to intensively managed but lower input diversified perennial
polycultures that integrate several species of woody and
herbaceous plants as well as animals. When perennial crops
are managed in diverse systems, they can embody the
ecological principles of spatial and temporal heterogeneity,
redundancy, and functional diversity which are key for
supporting biodiversity, ecosystem services, and resilience in
agroecosystems (Jose, 2009; Cabell and Oelofse, 2012).

As discussed in greater depth in Toensmeier (2017), perennial
staple crops are already featured in many agroforestry systems
across many climates (Table 5). These include using perennial
staples as edge components like field boundary plantings and
riparian buffers; integrating perennial staples with annual crops
in linear alley-cropping systems or in scattered irregular patterns;
grazing livestock in the understory of perennial staples including
livestock directly consuming dropped fruit and nuts; and using
perennial staples as the main productive components of fully
integrated mutistrata systems.

Tropical homegardens, which embody the more diverse end
of this management spectrum, feature staples like bananas,
avocados, and coconuts. These systems, which have been
extensively studied, provide many social, economic, and
environmental functions, with particular benefits for food
and nutrition (Méndez et al., 2001; Scales and Marsden,
2008). Intensive agroforestry systems (diversified, larger-scale,
multistrata systems) that are common on Pacific islands,
typically focus on the staple crops like coconut and breadfruit
(Toensmeier, 2017). In contrast, other multistrata agroforestry
systems have lost their traditional functions and structural
properties to various extents, and function mainly as providers

of export commodities (producing coffee, cocoa, tea, fruit, and
vanilla) rather than calorically and nutritionally important foods.
However, some of these are shade crop plantations which include
overstory trees that produce perennial staples as well, such as
peach palm, coconut, macadamias, and bananas over coffee or
cocoa (Toensmeier, 2017). In the US, Multifunctional Woody
Polyculture (MWP) is a staple crop system under development,
featuring woody staple crops that are typically machine harvested
combined with annual crops, hay, or grazing in the understory
and alleys (Lovell et al., 2018).

Despite these numerous examples of perennial staple crops
in agroforestry systems, the five agroforestry practices as
defined by the United States Department of Agriculture (USDA;
riparian buffers, forest farming, alley cropping, shelterbelts, and
silvopasture) do not include growing tree crops in and of
themselves, whether as monocultural plantations or as mutistrata
systems (USDA, 2019). We agree with some authors who
have suggested including all tree crops under the agroforestry
umbrella (van Noordwijk et al., 2016). The inclusion of tree
crops (and perennial staple crops among them) in agroforestry
literature is essential to forward the integration of agronomic and
environmental information about these systems for the full range
of conditions under which they are grown—from simplified
monoculture, to diverse polyculture; from wild harvested to
fully domesticated.

Climate Regulation and Ecology of

Perennial Adoption

Perennial staple crops hold a relatively modest amount of carbon
within the global carbon budget, comprising less than one third
of the annual emissions from the year 2018 (Le Quéré et al., 2018).
Our estimates indicate that land transition from annual crops
to perennials will increase these carbon stocks by approximately
one additional GtC over 20 years, while transition from mature
forests to perennials will reduce carbon stocks by over three
times as much (Supplementary Table 1). When perennial staple
crops replace grassland, there is carbon sequestration globally,

TABLE 5 | Samples of fully perennial agroforestry systems featuring perennial staple crops.

Type of system Region

Example

Perennial staple crops

Multistrata agroforestry Global humid tropics

Multistrata agroforestry Pacific region

Multistrata agroforestry Global tropics

Multifunctional woody USA
polyculture

Intensive, diverse homegarden
multistrata systems

Intensive agroforests

Shade commaodity crops with
food-producing overstory

Coppiced hedges or mature
trees of woody staples with

Anacardium occidentale, Artocarpus altilis,
Cajanus cajan, Cocos nucifera, Dioscorea
bulbifera, Musa spp., Persea americana,
Psophocarpus tetragonobolus

Artocarpus altilis, Cocos nucifera,
Inocarpus fagifer, Musa spp.

Artocarpus altilis, Bactris gasipaes, Cocos
nucifera, Dacryodes edulis, Erythrina
edulis, Macadamia integrifolia, Musa spp.,
Persea americana, etc.

Carya spp., Castanea spp., Corylus spp.,
Juglans spp.

mechanized harvest and annual
crops, hay, or grazing in alleys

Adapted from Toensmeier (2017).
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but whether carbon is sequestered or emitted is highly context
dependent and is determined by the crop and the climate of
the grassland that is being replaced (Supplementary Table 1).
The relatively modest amount of carbon held in perennial staple
crops, and the small but positive sequestration from transitioning
land from annual to perennial food crops indicates that such land
transitions can only be one small part of the transformational
change necessary to avert climate and ecological disaster (IPBES,
2019b; IPCC, 2019a).

This analysis was exploratory and did not include several
important factors, including (1) a comparison to grasslands
degraded by excessive grazing, which are likely to benefit
more from a transition to perennials in terms of carbon
and soil health (including dust-reduction) than the grasslands
represented in this analysis; (2) non-CO, emissions like nitrous
oxide and methane resulting from fertilization regimes and
livestock occupation, and (3) management of perennial staple
crops together with a grassy understory, in which case the carbon
sequestration of woody perennial crops and grassland may be
additive, rather than the former replacing the latter.

Future work using more spatially explicit scenarios of land
transitions to perennials for each crop would improve the
rough global estimates presented here. This work is particularly
important because many of the high-yielding crops assessed here
are tropical, where forest conservation is of critical importance
to biodiversity and climate regulation (Wilcove and Koh, 2010).
However, such modeling work will need to confront a lack of
available data: the climate regulation services provided by long-
lived perennials is well-documented for perennial grasslands,
forest cover, and timber plantations (IPCC, 2019b), but the same
is not the case for tree crops: current IPCC carbon estimates
for tree crops only include two perennial staple crop species
(olive and oil palm) out of a total of only six tree crop species
(volume 4, chapter 5 table 5.3; IPCC, 2019b). This dearth of
information about tree crops in the most updated and world-
class dataset available is troublesome, and will hamper planning
and policy making efforts. We have improved on available data
by collecting biomass carbon data and typical life spans from
the literature for an additional 17 crops (freely available on
Figshare figshare.com/projects/Perennial_Staple_Crops/78756).
These estimates are still limited samples that hinder robust
calculations of the mean and maximum carbon stocks (above
and below-ground) for various species over the course of their
productive lifetimes from available literature. The management-
dependent nature of these properties of perennials means that
there will always be considerable variability within one crop, yet
even with this caveat, the literature on the carbon sequestration
capacities of tree crops is still underdeveloped compared to
forestry and agroforestry systems.

From a biodiversity and ecosystem services perspective,
research has shown that tree crops that are managed with
permanent or diversified understory vegetation can boost
ecosystem services including pest control (Simon et al., 2010),
increased root infiltration of beneficial mycorrhizal fungi (Ishii
et al., 2008; Cruz and Ishii, 2012), soil carbon content (Merwin
et al., 1994; Xi-rong, 2005), and water retention (Merwin et al.,
1994; Huai and Lin, 2005), as well as decrease nutrient loss

from soil (Gémez et al., 2009). In addition, diversified perennial
systems in the tropics harbor higher biodiversity compared to
simplified perennial plantations and annual crops (Perfecto et al.,
2003; Frishkoft et al., 2014). Following studies in the tropics
and meta-analyses of non-food producing agroforestry systems
in temperate climates (Torralba et al., 2016) it is likely that
temperate tree crops with greater complexity also support more
biodiversity. But, the magnitude and context dependence of
other benefits from diversified management, particularly in the
temperate North, are largely unknown due to a lack of synthetic
meta-analysis on understory management practices of tree crops
for various services (apart from pest control, covered in Simon
et al., 2010). In addition, some woody perennial crops (such
as nut trees in California; Wilson et al,, 2016) require more
water than annual crops and can increase water scarcity in arid
environments. Thus, planting tree crops, like other reforestation
efforts, must take into account water availability so that they do
not worsen water availability for other uses (Zastrow, 2019).

Taken together, the expansion of perennial staple cropland
(as well as non-staple perennial cropland and agroforestry
practices like silvopasture) into existing annual cropland or
existing pasture land represents a potential win-win scenario
between environmental benefits and sustained food production.
But realizing such benefits will likely require environmentally
friendly management practices like appropriate species choice in
water-restricted areas, woody polyculture, continuous diversified
groundcover/cover-cropping, or mulching (see references in
paragraphs above).

Societal Aspects of Perennial Adoption

Crop adoption and land transition is a multifaceted process that
involves market demand, land tenure, environmental regulations
(or lack thereof), farm subsidies and incentive programs, need
for and availability of capital, insurance and labor, and other
local and regional political dynamics. But if there are so many
perennial staple crops with good yields, abundant nutrition, and
environmental benefits, why are they not already a larger part of
the global food system?

Before discussing barriers, it is important to recognize that
many of the crops discussed here (and ones that are not included
in this study), while not heavily commercialized and unfamiliar in
the West, are already important products locally and regionally.
While some of these are being developed through research and
business enterprises (peach palm, tacay nut, sago) some of these
crops are declining in production, and losing valuable genetic
variation in the process (enset, yeheb nut; Tsegaye and Struik,
2002; Yusuf et al., 2013).

Perennial crops face several barriers. In the developed world,
the economics of investing in perennials aren’t well-supported.
Perennial enterprises entail a delayed return on investment due
to the length of time between planting and bearing; moreover, the
relative permanence (i.e., lower flexibility to convert) of perennial
crops gives them a lower option value, thereby lowering farmer’s
propensity to adopt these practices even if they are profitable on
paper (Frey et al., 2013). This reality means that perennial farmers
and businesses need access to capital years in advance. Given
price volatility and/or undeveloped markets for many perennial
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staples such enterprises may be risky and harder to capitalize
than shorter term enterprises (Wolz et al., 2017). Crop insurance
programs and futures markets help mitigate agricultural risk, but
these are not available for many perennial staple crops, even
ones that are already global commodities. In addition, access
to land for long-term farming enterprises is unusual (outside
of land ownership). Farmers that do not own their land need
to have access to long-term leases with terms that ensure their
investments if land is sold, and other long-term provisions. This
issue has begun to receive some attention in the US Midwest
(for example, the non-profit organization Savanna Institute offers
a long-term lease workbook for farmers and landowners), but
such long-term arrangements are still highly unusual. Third,
research and breeding development devoted to perennial staple
crops is lacking compared to annual crops, and more difficult
due to longer generation times (Mehlenbacher, 2003; Molnar
etal., 2013). A research and development agenda laid out nearly a
century ago by the scholar ] Russel Smith in his book Tree Crops,
A Perennial Agriculture (Smith, 1929) to accelerate breeding of
tree crops for food and fodder in order to replace tilled agriculture
on hilly landscapes is just as relevant today and largely unfulfilled.

In areas of the developing world that are vulnerable to food
insecurity, the agendas of aid agencies have concentrated heavily
on improvement in cereal production at the expense of other
crops including perennial staples that are grown traditionally
(Brandt et al., 1997; Chifamba, 2011; Rogé et al., 2016). Such an
approach may be counterproductive for both local food security
as well as cultural values.

Finally, perennial crops are vulnerable to war and other
social upheavals. Some cultures have established protections for
perennial crops, such as the laws of war in the Hebrew Bible
that dictated that food-producing trees were not to be cut down
during siege and warfare (Deuteronomy 20:19). Nevertheless,
perennial crops have fallen victim to conflicts throughout history,
including in this century (Orians and Pfeiffer, 1970), and unlike
annual crops which can be replanted the next season, take years
or decades to recover.

Despite these barriers, in-demand global perennial staples like
oil palm, avocado, and almond have become highly lucrative
commodities. For example, oil palm production has replaced
large tracts of rainforest (Guillaume et al., 2018), the Mexican
avocado industry has been taken over by gangs (Flannery,
2017), and almonds in California exert unsustainable water
demand on the state (Wilson et al., 2016). Thus, expansion of
perennial staple cropland is not a solution divorced from specific
environmental and social contexts, which can be exploitative
and unsustainable. Nevertheless, unlike these rapidly-expanding
crops, some perennial staples (for example olives in the
Mediterranean basin, chestnuts and evergreen oak in Corsica,
Portugal and Spain, mesquite in the American Southeast, and a
large variety of perennial staples in tropical homegardens) have
been sustained in ecologies and ways of life for millennia (e.g.,
Michon, 2011; Uylaser and Yildiz, 2014).

The preservation and active development of diverse
germplasm from perennial staple crop species—many of which
are culturally important but largely neglected in agronomic
research—is a key benefit for both nutrition and the evolutionary

ecosystem service of genetic resources (Faith et al, 2010).
Undoubtedly, these crops require crop-specific research
programs, and bridging organization champions, such as Dr.
Daniel Adewale’s research group working on African yambean,
Dr. Diane Ragone and the Breadfruit Institute’s work on
breadfruit, and Dr. Peter Felker and Desert Harvesters work on
mesquite (among many others). According to an assessment
of breeding potential in nuts, the main impediment to quick
progress in genetic improvement of these crops is the limited size
and resources of breeding programs, not the available genetic
resources, which are vast (Mehlenbacher, 2003). Thus, the
research resources, cultural resonance, and social capital devoted
to perennial staple crops are paramount to their uptake, not just
their current nutritional and botanical properties.

Policy solutions that aim to promote tree-planting are often
fraught with difficulties and can even be counterproductive for
carbon sequestration and wildlife if they result in the replacement
of native vegetation with plantations, as has occurred in Chile
and other locations (Heilmayr et al., 2020). However, while
incentive programs like Payments for Ecosystem Services (PES)
can backfire, they can also have substantial positive effects if
designed well (Rode et al., 2015; Chan et al.,, 2017). Reviews
show that effective PES incentive programs also provide technical
expertise and co-payments (rather than covering the entire cost),
recognizing that farmers often have non-monetary incentives to
manage their lands in environmentally benign ways (Rosa et al.,
2004; Wilcove and Lee, 2004; Chan et al., 2017; Clot et al., 2017).
Designing and implementing tree crop programs to reflect local
relationships and cultural values regarding species and practices
is a key for uptake and program success (Chapman et al., 2019,
2020). Despite this opportunity, there may be little use in creating
additional boutique incentive programs if underlying policies still
lend conventional practices disproportionate favor (for example,
large subsidies or the lack of crop insurance for annual crops;
Chan et al., 2019).

Considering the various social and ecological dynamics we
have discussed, the most prevalent global perennial staples
may or may not be the best candidates for further production
increases. Other high-yielding crops (sago, enset, breadfruit,
mesquite, peach palm, Asain breadnut, perennial vining beans,
tacay nut) that are currently only regional or experimental crops,
could be candidates for production increases. However, if such
increases occur under a business-as-usual model, they would
likely fall prey to similar problems that other “superfoods” that
have experienced a rise in popularity have driven, namely carbon
and environmental impacts from land clearing, use of chemicals,
and transportation, coupled with a boom-and-bust dynamic that
causes social problems for communities (Magrach and Sanz,
2020). As with these “superfoods,” the implications of increasing
production of perennial staple crops depends deeply on their
social, cultural and economic contexts. For example, in the case
of intensifying production of one perennial staple crop in a
system that is already predominantly polycultural, transitions
could lead to a loss of plant cover of other species and a loss
of culturally important landscapes. In contrast, transitions to
perennial staples from some annual croplands, or transition of
perennial monocultures to more complex perennial polycultures
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could drive increased biodiversity and provide cultural benefits,
provided that these systems are developed by and for local people
(Kreitzman, 2020).

Whether production of perennial staple crops and land
transitions are geared toward export, or local consumption,
whether they are fueled by smallholders or highly capitalized
enterprises, and whether they are governed using ecological as
well as economic priorities will ultimately dictate their outcomes.

CONCLUSION

This study demonstrates a substantial potential for perennial
staple crops to contribute to the global food supply. Its
framework of perennial staple crops enables researchers and
practitioners to identify or classify crops according to nutritional
categories and cultivation status. We found that despite structural
barriers to perennial adoption in a system that emphasizes short
term returns and continuous increases in cereal yields, perennial
staple crops constitute a small but significant (4.5%), and growing
portion of global cropland. At least one perennial staple crop in
each of the five nutritional categories had yields over 2.5 t/ha, in
some cases considerably higher, competitive with and in many
cases exceeding those of nutritionally comparable annual staples,
suggesting that transition of agricultural land to perennial crops
may not entail yield losses in some areas. Most perennial staple
crops, including many of those with high potential yields, are
regional crops (not globally traded) that grow in the subtropics to
tropics, suggesting that there is space for market expansion and
increased investment in some crops.

Many perennial crops also had macronutrient densities and
yields (per unit area) that were competitive with annual staples;
moreover, specific perennial staples are abundant in specific
micronutrients, indicating that they can be a nutrient-dense part
of diets, unlike the most ubiquitous annual staple crops (corn,
wheat, rice), which do not appear in the top 85th percentile
for any of the nine micronutrients analyzed. Perennial staple
crops currently hold 11,386 MtC above and below ground
contributing to climate regulation. If linear growth in land under
perennial staple production continues to 2040, and replaces
annual cropland, 965 MtC could be sequestered. The yield,
nutrition, and carbon sequestration data assembled in this study
indicate that transition of land and diets to perennial staple
crops, if judiciously managed, can provide win-win solutions
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