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Photoperiodism 
INTRODUCTION TO REPRODUCTIVE PHOTOPERIODISM IN CANNABIS 
SATIVA 

Photoperiodism is a physiological reaction of organisms to the relative duration of daily illumina- tion. More 

precisely, “Photoperiodism is the ability of organisms to assess and use the day length as an anticipatory cue 

to time seasonal events in their life histories” (Bradshaw and Holzapfel 2007). In effect, the sun is acting as 

a master timer, controlling the initiation of biological developments (Figure 5.1). In the following discussion, 

the term “photoperiodism” is used with specific reference to induction of flowering. Although Garner and 

Allard (1920) are given considerable credit for clarify- ing the influence of photoperiod on plant development, 

Tournois (1912) is thought to have first discov- ered photoperiodism in plants (see Jarillo et al. 2008 for a 

review of the subject). Based on studies of hemp and its relative Japanese hop, Tournois observed that 

flowering was promoted by short duration of daylight over consecutive day/night intervals (giving rise to the 

expression “short-day plants”) and delayed by days with long periods of light. As with most other plants in 

which flowering is induced by a requirement for a given duration of darkness, a single exposure of a few 

minutes of light dur- ing the dark period can disrupt flowering and delay maturation (moonlight and 

lightning have no effect). “Long-night” plants would have been a better label than “short-day” plants, since 

the length of darkness, not the length of light, is the stimulus. In the northern hemisphere, nights (i.e., length 

of dark periods) increase after the summer solstice (about June 21), providing the flowering stimulus. 

Although not yet clarified for Cannabis, it appears that many flowering plants use a photoreceptor protein 

such as phytochrome or cryptochrome in the foliage to sense seasonal changes in day length and chemically 

transmit a signal to the plant’s buds to flower. 

Cannabis has been evaluated to be a quantitative (facultative) short-day plant—that is, flowering is 

normally induced by a required sequence of days each with a minimum uninterrupted period of darkness 

(“critical photoperiod”), but there is some flexibility in that at least some normally photo- periodic plants 

will flower eventually regardless of photoperiod. However, as detailed in this chapter, the photoperiodic 

nature of different populations in Cannabis differs notably, and some populations are not photoperiodic. 

For those plants that do respond to photoperiod, the photoperiod of Cannabis sativa has been reported to 

range from nine hours (Heslop-Harrison and Heslop-Harrison 1969)   to 14 hours (Borthwick and Scully 

1954). The critical photoperiod required to induce flowers is 10–12 hours of light for most hemp cultivars, 

often 13–14 hours for marijuana strains. 

Cannabis may produce flower buds or at least undifferentiated primordial buds under continuous 

illumination (Borthwick and Scully 1954; Heslop-Harrison and Heslop-Harrison 1969); however, before these 

open, some cultivars require short days, while others will flower in continuous light, but only after a long 

period of growth (Schaffner 1926; Borthwick and Scully 1954; Heslop-Harrison and Heslop-Harrison 1969). 

The critical daylength may be longer for male plants than for female plants in a given population (e.g., 13 

hours for males, 12.5 hours for females), which is consistent with the fact that males normally come into 

flower faster in response to shortening days (Borthwick and Scully 1954). Potter (2009) found evidence that 

“suggests that there is more than one critical daylength in Cannabis, one of which induces flowering and a 

shorter daylength at which vegetative growth is hormonally inhibited.” 

Flowering is induced in Cannabis mainly by lengthening daily hours of darkness following   the summer 

solstice, but also to some extent by intrinsic, genetic factors. However, environmental stresses also have 

some effect on flowering time. Weather, site conditions, and management prac- tices can modify the 

timing of floral initiation (Lisson and Mendham 2000b; Lisson et al. 2000a, 2000b,c). High temperatures 

accelerate flowering (e.g., van der Werf et al. 1994a), and drought is an especially  important factor in 

speeding up maturation. 



 

Marijuana breeders or generators of hybrid seed often need to coordinate the flowering times of male 

and female plants. Clones of both sexes can be maintained in a vegetative state under long days and 

brought into flower by short day treatment. However, males tend to be harder to control, and once they 

commence flowering, it is very difficult to have them revert to a vegetative state.  

 

 

 

 

 

 

 

 

 

 

FIGURE 5.1 In photoperiodism, the sun operates as a master timer, the daily balance of light and dark stimulating key developments in 

organisms. Prepared by B. Brookes. 

 

 

AUTOFLOWERING (DAY-NEUTRAL) PLANTS 

As documented in this section, flowering may occur regardless of light regime in some popula- 

tions. Plants at the extremes of the geographical range of C. sativa, either at their northernmost 

locations of survival or near the equator, appear to often come into flower because of intrinsic 

developmental reasons rather than photoperiodic regime (Figure 5.2). These plants that are 

indif- ferent to photoperiod are technically termed day-neutral, more commonly 

“autoflowering” in the marijuana literature. At or near the equator, seasonal photoperiodic 

cycles are insignificant, and indeed, the seasons are often longer than required for full 

development. In the northernmost loca- tions, the season is so short that the plants would not 

have time to mature seeds if they waited until days began to shorten. Clearly, therefore, there 

are adaptive (survival) reasons why day-neutral races would have evolved in the northernmost 

regions where C. sativa occurs. Near the tropics, however, the day/night difference is small and 

does not provide much of a stimulus to retain photo- periodic capacity, and in any event, the 

plants have such a long season that they can grow almost indefinitely. Regardless of whether a 

population is day-neutral or photoperiodic, time of flowering is critical to the survival of 

populations of C. sativa, so that both wild and domesticated plants that have grown for many 

years in a region may be expected to have been selected for an appropriate flowering time. 

Autoflowering strains can be very useful for growing marijuana indoors, since they can be 

grown under continuous light, which induces faster, greater growth (Potter 2014), and early-

maturing strains may be especially suitable for production schedules. The autoflowering hemp 

cultivar FINOLA is ideal for growing in northern Scandinavia, where it can take advantage of the 

very long summer daylight. 



 

Hybridization can play a sometimes unpredictable role in determining flowering time. Auto- 

flowering marijuana strains that flower fairly early regardless of photoperiod have been 

described in the underground literature as having been generated by hybridization of short-

season and long- season plants. It does seem that hybridization can produce odd effects on 

photoperiodic response; I have observed hybrid-generated seedlings come into flower in less 

than two weeks, at a height of only 5 cm! 

 

 

Approximate north latitude (°) 

70 

60 

50 

40 

30 

20 

10 

0 

–10 

0 1 2 3 4 5 6 7 

Approximate time to flowering (months) 

 

FIGURE 5.2  Conceptual diagram showing early-flowering day-neutral populations of C. sativa adapted to  and occurring in the 

northernmost areas and late-flowering day-neutral populations adapted to and occurring in near-equatorial regions. Plants 

adapted to the intervening latitudes are induced to flower by shortening days, a relatively larger number of short days required 

for plants nearer the equator. The exact relationships between latitude and indifference or susceptibility to photoperiodism 

have not been determined, and because the climate and growing season at a given latitude vary according to longitude, a given 

latitude is unlikely to delimit the exact range of day-neutral plants. Prepared by B. Brookes. 

 

 

LATITUDINAL PHOTOPERIODIC ADAPTATION 

A worldwide, north–south pattern of clinal (geographically graduated and genetically fixed) photo- 

periodic adaptation correlated with stature has evolved in Cannabis (Figure 5.3). “Bergmann’s 

Rule” states that within a taxonomic group of animals, individuals are larger in colder 

environments (an ecogeographic generalization with mixed validity). For plants, the reverse is often 

the case: the shorter, colder season at higher latitudes (or altitudes) limits growth and accordingly 

stature. Annual plants like Cannabis are designed by nature to maximize propagule production, 

achieved in part by growing as large as possible within the limitations of the length of their season 

and the cultural conditions of their growth sites.  

 

It seems clear that the historical migration of Cannabis throughout much of the world for purposes 

of cultivation was accompanied by strong selection for local photoperiodic regime. During 

domestication, some populations could have been selected for photoperiodic insensitivity (like 

some cultivars of strawberry and other crops), but this has not been important for Cannabis (at 

least until recently).  
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Wild plants and cultivars are photoperiodically adapted to their local climate; plants adapted to 

growth in northern areas tend to come into flower readily with shortening days, allowing time for 

seeds to mature before a killing frost; and conversely, plants adapted to areas closer to the equator 

tend to come into flower slowly with shortening days, in order to grow for a longer period in the 

milder environment. (This has been recorded numerous times in the non-English, twentieth 

century European literature; for examples, see Ranalli 1998.) Russian (U.S.S.R.) agronomists 

classified hemp into four ecogeographical maturation groups, respectively adapted to a longer 

season: Northern, Middle- Russian, Southern, and Far Eastern (Serebriakova and Sizov 1940; 

Davidyan 1972), so that races of Cannabis are available to meet the local photoperiodic 

requirements of most regions of the country. 
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FIGURE  5.3  North–south gradient of stature of C. sativa reflecting adaptation to growing season, largely controlled by photoperiodic control 
of flowering time.   Toward the equator, the season is longer than needed, and the plants tend to come into flower after they have reached a 
given stature. Toward the north of their range limit (about 66°N), the increasingly shorter season only allows progressively smaller plants to 
develop. Compare Figure 5.2. Prepared by B. Brookes. 

 

Time of flowering is a critical determinant of yield in C. sativa. In most biotypes, induction of flowering 

substantially stops vegetative plant growth, so stem fiber and biomass are affected. As dis- cussed in the 

chapters dealing with particular products for which the plant is grown (fiber, oilseed, marijuana, biomass, 

essential oil, or any other purpose), quality is often also affected. Problems that can arise from growing a 

strain in an inappropriate photoperiodic regime are examined in the following. 

As noted previously, most hemp cultivars (mostly originating from temperate areas of the world) have critical 

photoperiods ranging from 10 to 12 hours. Most plants used for pharmacological or recreational marijuana 

originate from south-temperate and subtropical areas and so are adapted    to being induced to flower by 

critical photoperiods that are closer to 12 hours than to 9 hours. Growers of indoor marijuana wish to 

provide as much light as possible to maximize growth but need to shorten the lighted period to induce 

flowering. Not surprisingly, in view of the fact that   12 hours is usually minimal to ensure flowering of 

marijuana strains, reducing light availability to a 12-hour period daily is almost universally recommended to 

induce flowering of plants grown for marijuana. Potter (2014) reported that about 90% of 200 marijuana 

strains examined flowered seven to nine weeks after the initiation of short-day treatment. 

 

 



 

THE INTERACTION OF PHOTOPERIODISM, KILLING FROSTS, AND SEED 
PRODUCTION 

The purpose of chickens is to make eggs, and similarly, the purpose of plants is to make seeds—as many as 

possible given a particular species’ natural reproductive abilities and the permissiveness of its environment. 

In most of its range, Cannabis is capable of continuing to mature seeds until degraded and killed by frost. 

Like numerous other plants with many flowers, frequently, many flow- ers are fertilized, and seeds mature 

sequentially over weeks or even months, if seasonal conditions permit. If a region experiences an early frost, 

fewer viable seeds are produced, but if an unusually long season (“Indian summer”) occurs, more seeds are 

produced. Accordingly, while the particular inherited timing of flowering is a natural limitation of how many 

seeds can be produced, there is some variation from year to year depending on climate variation. 

The information presented in the previous paragraph needs to be distinguished from another concept—

determinate vs. indeterminate growth. Tomato plants exemplify this point (they are perennials but are 

grown as annuals). Determinate tomato plants (usually small herbaceous shrubs) stop growing in late 

season, and there is a limited number of fruits (not necessarily a small num- ber) that can be harvested. 

Indeterminate tomato plants (usually vines) keep on growing, keep on producing flowers that are fertilized, 

and keep on maturing new fruits. Cannabis normally exhibits determinate growth: once flowering is induced, 

vegetative growth (production of new branches and leaves) substantially slows and ceases while flowers 

develop, get pollinated, and transform into seeds. In Cannabis, as in most short-day plants, short days cause 

the plant to stop producing buds that produce leaves and branches and to start producing buds that produce 

flowers. Both vegetative growth and reproductive growth are more or less determinate (the species is, after 

all, an annual), but sometimes, under greenhouse conditions (which are hardly natural), female plants may 

continue growth. 

 

 

PHOTOPERIODIC PROBLEMS FOR PLANTS OF NORTHERN ORIGIN 
GROWN CLOSE TO THE EQUATOR 

There have been extensive studies of flowering time of European fiber hemp cultivars (e.g., Amaducci et al. 

2008a,b,c). (By comparison, relatively limited research has been conducted on flowering photoperiodism of 

C. sativa adapted to semitropical and tropical regions.) For the north- ern hemisphere, higher latitude of 

origin is associated with earlier flowering and seed maturation (e.g., De Meijer and Keizer 1996a). Growing 

hemp cultivars adapted to the relatively short season of more northern latitudes, in longer-season regions 

(closer to the equator), results in earlier than desirable flowering (Figure 5.4, bottom), a phenomenon that 

has sometimes been described as “pre- flowering” (Amaducci et al. 2008a). 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.4 Examples of adaptation to local photoperiod that result in inadaptive induction of flowering  when grown in an unsuitable latitude. 

Top: A race of C. sativa photoperiodically adapted to a long southern season but coming into flower very late when grown in a short northern 

season. These plants from southern Europe have remained vegetative when grown in Ottawa, Canada (latitude 45.4°N), shortly before a killing 

autumn frost. Bottom: A race of C. sativa photoperiodically adapted to a short northern season but coming into flower very early when grown 

in a long southern season. This male plant from Kazakhstan (ca. 50°N) is mature, about two weeks from death, although grown in Oxford, 

Mississippi (latitude 34.4°N) in the southern United States, where the growth season extends for several more months, and male plants adapted 

to the cli- mate would continue to grow and reach several meters in height. 
 

European fiber varieties (representing most of the world’s certified cultivars of C. sativa) were developed 

for regions north of the 45th parallel (Watson and Clarke 1997). These are mostly adapted to long summer 

daylengths, flowering in the autumn in response to shortening days. In equatorial regions, daylength is 

always short enough for these northern varieties to initiate flow- ering, and northern cultivars flower 

prematurely when 1–2 m high, limiting yield. This occurs, for example, in Australia (Ditchfield et al. 1997; 

Hall et al. 2014). Indeed, moving northern European cultivars as little as 10°–15° closer to the equator 

reduces performance substantially (Dippenaar et al. 1996). 

 

PHOTOPERIODIC PROBLEMS FOR PLANTS OF SEMITROPICAL ORIGIN 
GROWN IN NORTHERN LATITUDES 

The previous discussion points out the deleterious effect of moving plants, adapted to a northern 

photoperiod regime, closer to the equator. Conversely, when plants adapted to the photoperiod of 

semitropical climates are grown in north-temperate climates, they may mature so late that they succumb 

to cold weather before they can produce seeds (Heslop-Harrison and Heslop-Harrison 1969; Figure 5.4, top). 

For fiber production in relatively high-latitude and high-altitude locations, it is sometimes desirable to grow 

cultivars that mature very late (even too late to produce seeds before winter) in order to continue stalk 

production for as long as possible. (Depending on variety, however, growing for an excessively long period 

may lower fiber quality.) Of course, seeds for such cultivars would have to be produced in areas with longer 

growing seasons, in locations closer to the equator. Photoperiodic differences are particularly apparent 

when Cannabis populations obtained from different latitudes are grown together in experimental 

plantations. In Ottawa, Canada, where I have grown over 1000 accessions outdoors, those from the 

northernmost locations (Siberia) sometimes produced seeds in less than a month after planting, while some 

from near-equatorial locations (India, Africa) sometimes remained vegetative after five months (and were 

killed by frost). When hemp cultivation was authorized in Canada in 1998 (after more than a half century 
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of prohibition), the only source of cultivars with reliably low tetrahydrocannabinol (a requirement) was the 

European Union; embarrassingly, most of the cultivars were so late-maturing that they were unsuitable 

for Canadian locations. (It is possible to harvest vegetative plants of hemp for fiber, but Canadian plants are 

chiefly grown for oilseed.) 

 

PHOTOPERIODIC PROBLEMS FOR SEMIEQUATORIAL DRUG STRAINS IN 
NORTHERN CLIMATES 

Most drug forms have historically been cultivated in areas south of the north-temperate zone, some- times 

close to the equator, where they may be photoperiodically adapted to near-12-hour days and an associated 

long season. In Chapters 12 and 13, two groups of marijuana plants are discussed; many strains of the less 

common “indica type” are able to mature in relatively northern locations. Although indica type strains 

originate from relatively southern areas of the Northern Hemisphere, they seem to mature earlier than sativa 

type strains because of adaptation to a shorter season due  to drought. By contrast, non-marijuana plants 

(both wild and legally cultivated) are mostly found in north-temperate climates and are photoperiodically 

adapted to mature by the fall season in such locations. When drug strains are grown in north-temperate 

climates, maturation is much delayed until late autumn, or the plants succumb to cold weather before they 

are able to produce seeds. Before illicit marijuana growers became acquainted with the fact that most 

marijuana strains are very late- maturing, they often found that their clandestine outdoor plants remained 

vegetative, not producing the congested flowering tops (buds) that are most valued. Particularly in 

California, hybridization and selection produced marijuana strains that are capable of flowering outdoors 

(Clarke and Merlin 2013). Of course, photoperiod can easily be controlled indoors by varying light (or dark) 

period, which is one of the reasons why marijuana is commonly grown in buildings. 

 

UNSUITABLE PHOTOPERIOD MAY NOT BE THE ONLY CAUSE OF POOR 
PERFORMANCE 

In addition to photoperiodic adaptation, climate adaptation determines the success of Cannabis crops 

selected in one part of the world but grown in a quite foreign location. The point is that lack of adaptation to 

the stresses in a new location, caused by local climate and/or local biotic agents, can worsen the deleterious 

effects of unsuitable photoperiod. Most hemp cultivars (mostly fiber strains) were developed for relatively 

cool northern regions and do not perform well when moved closer to the hotter equator (Watson and Clarke 

1997). This has occurred, for example, when European cul- tivars were planted in South Africa: flower 

initiation was induced in the five varieties grown only 34 days after sowing, extreme heat hastening 

maturation (Dippenaar et al. 1996). In addition, when cultivars are grown in foreign locations, adaptation to 

pests and diseases can be a problem. Northern fiber cultivars, when grown near the equator, have proven to 

be very susceptible to a wide range of biotic agents for which they have no resistance (Watson and Clarke 

1997). 



 

 

CURIOSITIES OF SCIENCE, TECHNOLOGY, AND HUMAN BEHAVIOR 

B. The floral industry relies on photoperiodism to bring some ornamental plants into flower to meet seasonal demand, 

especially for major holidays. The most important of these is poin- settia (Euphorbia pulcherrima Willd. ex Klotzsch; 

Figure 5.5). For proper floral develop- ment, the plants need to be kept in complete darkness (uninterrupted by 

occasional light) for a period of 12 to 14 hours daily for 8–10 weeks. Commercial greenhouse growers generally 

accomplish this by the use of shade curtains. 

C. Plants are not the only species to employ daylength to initiate important processes in their life cycles—so do many 

animals, especially mammals (Bradshaw and Holzapfel 2007).  A familiar example to dog owners is the seasonal 

shedding of fur. Another example is  the singing of male canaries, which is much more frequent in the spring because 

the pho- toperiod causes their testes to grow, and they want to attract females. Humans exhibit a wide variety of 

seasonal behaviors, but it is uncertain whether any of these are related to photoperiodic regime (Weir 2001; Bronson 

2004). 

D. Certain plant species have flowers that open and close at approximately fixed times dur- ing the day, regardless 

of weather or season. For example, some species of morning glory do indeed open their flowers in the morning, while 

four-O-clock opens its flowers in late afternoon. The eighteenth century Swedish botanist Carl Linnaeus (the Father of 

Binomial Nomenclature, for which additional information is given in Chapter 18) designed (but may not have ever 

actually planted) a 12-hour daylight floral clock, composed of flowering spe- cies arranged in a circle, the times of 

opening or closing of their flowers roughly indicating the time of day. Botanists have replicated Linnaeus’ clock in 

different places, only to often find that the clock did not work because the plants that flowered at the anticipated 

times in Sweden would not do so at different latitudes because of their photoperiodic require- ments. Moreover, the 

circadian (daily) rhythms of the flowers are rather variable because of climate. For those wishing to test out Linnaeus’ 

clock at their home location, see http://www.nytimes.com/2015/01/29/garden/planting-a-clock-that-tracks-hours-

by-flowers.html?_r=0. 

E. Perennial ornamental plants can be arranged in a garden, sequentially according to their flowering times, to form 

a “bloom calendar.” However, because flowering time of many species is determined by photoperiodism, and often 

influenced by environment, the suit- ability of given species will differ according to latitude and climate. 
 

 

FIGURE 5.5 Poinsettia, second only to marijuana in frequency of being induced to flower indoors by control of photoperiod. Photo by Petr 

Kratochvil, released into the public domain. 



 
 

Shoot and Foliage Architecture 

This chapter is concerned with how human selection of Cannabis sativa for different purposes (fiber from 

the stem, drugs from the inflorescence, and oil from the edible seeds) has altered the external appearance 

of the “shoot” (above-ground part of the plant) by comparison with that of wild-growing plants. Stem 

features that are of particular adaptive importance to C. sativa include its main stem (“stalk”) and patterns 

of branching with respect to the disposition of the foliage and reproductive organs. Leaf features that are 

of importance include size and width of the leaflets. Because male plants are less robust than females, die 

after flowering, and have not been nearly as subject to strong selection by humans as the females, features 

discussed in this chapter pertain particularly to female plants. 

 

ANATOMY AND MORPHOLOGY 

This chapter has considerable information on the anatomy (internal structure) and morphology (external 

structure) of C. sativa. Additional anatomical and developmental features are described in several of the 

chapters in this book where they are particularly relevant. Chapter 3, dealing with ecology, contrasts 

adaptive features of wild and domesticated plants. Chapter 4 describes male  and female plants in detail. 

Chapter 7, on fiber content, deals with stem features, which are criti- cal to fiber characteristics. Chapter 8, 

on oilseed, deals with structure of the seeds. Chapter 11, on chemical aspects, describes the drug-secreting 

glands of the plant. Mediavilla et al. (1998) present a detailed analysis of the morphological life cycle of the 

plant. Chapter 8 in Hayward (1938) pro- vides a detailed analysis of the developmental anatomy of C. sativa. 

The composite plate shown in Figure 6.1, perhaps the best scientific drawing of the hemp plant ever 

prepared, illustrates the most important parts of the cannabis plant. 

 

BASIC LEAF BOTANY OF CANNABIS 

The leaf of Cannabis is probably more widely recognized than the foliage of any other plant. The smallest 

leaves are located at the branch apices and are “unifoliolate” (bearing one leaflet; “unifo- liate” is incorrect, 

since it means “one-leaved”). The larger leaves are multifoliolate (with several leaflets). The multifoliolate 

leaves tend to be decussate on the lower stem (with opposite pairs, the succeeding pairs turned 180°), 

usually alternate near the stem apex, petiolate (with a leaf stalk), palmately compound (the bases 

originating from a common point) with an odd number (3–13) of coarsely serrate, lanceolate leaflets, with 

the proximal pair (i.e., closest to the stem) notably small. The foliage and stems of some populations are 

sometimes anthocyanin-streaked, and frost often causes plants to similarly become suffused with purple; 

as discussed in Chapter 12, this represents one of the kinds of coloration that has been preferentially 

selected in some marijuana strains. 

 

 

 



 

SHOOT ARCHITECTURE OF WILD PLANTS 

Figure 6.2 shows  the appearance of well-developed wild plants, which characteristically produce  a main 

stem from which many branches arise. As with numerous annual herbaceous plants, ulti- mate size 

depends on the availability of nutrients, water, and light; and crowding from competition tends to suppress 

lower branching and promote vertical growth. In a given wild population, one may find plants that are less 

than 30 cm in height, and some exceeding 2 m. The widespread assertion on the Internet that there is a 

unique wild species, “Cannabis ruderalis,” that is quite short, is rubbish—very short plants growing outside 

of cultivation have simply developed in a stressful environment or are adapted to short seasons and so do 

not have time to become large. Janischevsky (1924), the author of the name C. ruderalis, noted that when 

his alleged species grew in well- manured sites, the plants grew very large. 

 

 
 

FIGURE  6.1   Illustration of the organs of C. sativa. 1. Flowering branch of male plant. 2. Flowering branch  of female plant. 3. 

Seedling. 4. Leaflet. 5. Cluster of male flowers. 6. Female flower, enclosed by perigonal bract. 7. Mature fruit enclosed in perigonal 

bract. 8. Seed (achene), showing wide face. 9. Seed, showing nar- row face. 10. Stalked secretory gland. 11. Top of sessile secretory 

gland. 12. Long section of cystolith hair (note calcium carbonate particles at base). Reproduced with the permission of Economic 

Botany Library of Oakes Ames, Harvard University, Cambridge, MA, drawn by E. Smith. 

 

 

 

 



 

SHOOT ARCHITECTURE OF PLANTS GROWN IN DIFFERENT FIELD 
CONFIGURATIONS 

The height and branching pattern of C. sativa have been altered in domesticated plants in ways that 

maximize production of the desired product (stem fiber, drugs from the inflorescence, or seeds). These 

differences have become genetically fixed by selection but are accentuated by density of planting because, 

just as with trees in forests, crowding suppresses branching and promotes vertical growth. The various 

agricultural field configuration patterns that are commonly encountered are shown in Figure 6.3 and are 

discussed in the following paragraphs. 

 

 

 
 

FIGURE 6.2  Strong branching patterns typical of well-developed, open-grown, wild (ruderal) female plants  of C. sativa. Left: collected from a 
weedy site near Ottawa, Canada. Right: cultivated near Toronto, Canada, from seeds from Georgia (Eurasia). 

 

Figure 6.3a and b shows shoot configurations typical of marijuana strains of C. sativa. As dis- cussed in 

Chapters 12, 13, and 18, there are two basic classes of marijuana plants, “indica type” (shorter ones; Figure 

6.3a) and “sativa type” (taller ones; Figure 6.3b). All of these plants are naturally (genetically) very well 

branched (like wild plants). Moreover, they are traditionally planted (outdoors at least) at low density, leaving 

room for the branches to develop well. Maximizing branch production is desirable to produce many flowers, 

as the perigonal bracts (discussed in Chapter 11) around the female flowers produce most of the intoxicating 

chemicals that are desired. As discussed in Chapter 4, male plants are removed to prevent production of 

seeds, which are not the desired product. 

As discussed in Chapter 9, a very recent market has developed for the production of essential (volatile) oil, a 

product substantially from the perigonal bracts, exactly the same source of chemicals for marijuana. Plants of 

the same architecture as sativa type marijuana (Figure 6.3b) have been used as sources of essen- tial oil (indeed, 

such strains are very suitable for the purpose, although they pose security problems). 
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As discussed in Chapter 8, there has been comparatively limited selection of strains of C. sativa in 

historical times specifically for oilseed production. Since plants that are big and well branched produce 

many flowers (such as those shown in Figure 6.3b), when allowed to produce seeds, they do so very well. 

Such plants have been commonly used as sources of oilseeds. In more recent times, as discussed in Chapter 

8, short plants with numerous flowers (and hence seeds) congested on short branches (as shown in Figure 

6.3e) have been grown at moderate densities to produce oilseeds, a strategy that reduces the production 

of stem tissue in a given area while maximizing the production of seeds on a given acreage. Plants with 

limited (or at least short) branching are naturally superior than irregularly branching plants for the purpose 

of fully and uniformly occupying a field and maxi- mally utilizing solar irradiation. 

As noted previously, different densities of planting are used to increase or suppress branching, but the 

different kinds of C. sativa have been genetically selected—some to grow well at high concentrations, others 

at low concentrations. Unlike fiber races that have been selected to grow well at extremely high densities, drug 

strains tend to be less tolerant of high population densities (De Meijer 1994a). 

 

 

 
 

FIGURE 6.3 Common categories of shoot architecture of cultivated C. sativa in field configurations maxi- mizing production of the desired 

harvest product. (a) Short, conical, well-branched, female, marijuana plants of indica type (discussed in Chapters 12, 13, and 18) are grown well 

spaced to maximize development of both foliage and flowers containing cannabinoids. (b) Tall, well-branched plants are grown well spaced to 

maxi- mize production of flowers (for harvest of either marijuana or essential oil) or seeds (for planting). (c) Fiber cultivars are grown at very 

high density to produce unbranched, tall plants that maximize quantity and qual- ity of stem fiber. (d) “Dual-purpose” cultivars are grown at 

moderate density, which tend to be somewhat branched and of medium to tall height, a compromise strategy for production of both stem 

fiber and oilseeds. 

(e) Some modern oilseed cultivars are grown as short, relatively unbranched plants to maximize production of seeds while minimizing 

production of stem tissues, and to facilitate machine harvesting. Drawn by B. Flahey. 

 

 

 

 

Low-density indica type 
marijuana 

(a) (b) 

Low-density sativa type 
marijuana, 

low-density oilseed, 
low-density essential oil 

Very-high-density fiber 

Moderate- 
density 

dual purpose 

Moderate- 
density 

early-maturing 
oilseed 

(c) (d) (e) 



 

Susceptibility to pests and diseases differs according to density of cultivation, and likely, there has been 

selection for tolerance to the usual cultivation density for particular kinds of C. sativa. The very dense 

plantations in which fiber crops are grown raises the humidity around the stalks and increases infections 

by fungal diseases. On the other hand, the dense canopy may be protective against many insects. By 

contrast, both drug and many oilseed crops are grown in open rows, and the increased sunlight is attractive 

to flea beetles and birds. 

 

SHOOT ARCHITECTURE OF FIBER CROPS 

Because fiber is produced mostly in the main stem (stalk) of C. sativa, and the longest fiber bundles are 

produced in the main stem, tall plants are best for harvest of fiber, and humans have been uncon- sciously 

selecting tall plants for thousands of years. There has also sometimes been deliberate selec- tion for height 

of fiber plants. Forster (1996) noted that to obtain seeds for planting fiber plants in Chile, “During seed 

production, preferred males of ideal stature are selected and allowed to fertilize the females.” Such a 

procedure would strongly favor the development of tall plants. As discussed in Chapter 7 dealing with fiber 

production, branching is suppressed by growing the plants at extremely high densities (Figures 6.4 and 6.5). 

As detailed in Chapter 7, the slim, unbranched plants produced at high planting densities maximize quantity 

and quality of fiber. Woody tissues in the stem of fiber selections have been suppressed so that the stems 

are much hollower than in any other category of C. sativa. This makes the stems weaker and less flexible, 

but the high density of planting protects the plants from being lodged (blown over) by wind. Because of 

the limited branching, seed production is much more limited than in strains used for oilseed. However, 

sometimes, “dual-purpose” cultivars are grown (Figure 6.3d) with intermediate characteristics between 

the fiber (Figure 6.3c) and oilseed (Figure 6.3e) kinds, so that both products can be harvested, albeit in 

relatively modest amounts. 

As discussed in Chapter 7, there are two basic kinds of fiber plants, European and Chinese. The latter, 

although much older, tends to be less selected specifically for stem fiber characteristics, as evidenced by 

the development of more branches, which produce more seed (Figure 6.6). 

 

 

 
 

FIGURE 6.4 Densely grown hemp, illustrating the development of tall, slim stalks and suppression of branching. Photo by Adrian Cable (CC BY 

2.0). 

 



 
 

 

FIGURE 6.5 Comparison of densely grown and open-grown fiber hemp. Left: the tall hemp cultivar Petera, illustrating suppression of branching 

from main stalk under dense growth. Photo courtesy of Anndrea Hermann. Right: an uncharacterized fiber strain from Germany, open-grown 

in Canada, illustrating more evident branching from the main stalk. 

 

 

 
 

FIGURE  6.6     A Chinese fiber land race (note  map in Figure 2.7 and discussion in Chapter 18). This plant  is 
2.5 m in height. It was grown at a spacing of 1 m from other plants and is essentially open-grown. The strong lateral branching is typical of 

many Chinese land races (European fiber cultivars tend to be less branched). The appearance of this Chinese fiber plant is indistinguishable from 

most sativa type marijuana plants (see Chapter 18). 
 

 



 

REDUCING THE HEIGHT OF MARIJUANA PLANTS 

As discussed in Chapter 12, in Asia, one method of preparing hashish once often involved using hands or 

leather to collect (by adherence) sticky resin from the inflorescences at the top of the plants (alternatively 

and more conventionally today, hashish is prepared by filtering techniques, described in Chapter 12). 

Accordingly, strains suitable for hashish collection based on stickiness should not be too tall. As Bouquet 

(1950) recorded: “The cultivators, dressed in leather, moved about through the plantations. The resin sticks 

to their clothes, which are scraped from time to time with a blunt curved knife. This method of collection 

shows clearly that in those regions the plant does not grow to any great height.” In a similar vein today, 

dwarf varieties of tree fruits have been bred. An added benefit of low stature is greater wind resistance. 

The indica type group of marijuana strains is naturally much shorter (Figures 6.3a and 6.7) than the higher-

stature sativa type of marijuana plant (Figure 6.3b), but as discussed in Chapter 12, the tall sativa type 

plants are more popular. 

 

 

 

 

 

 

 

 

FIGURE 6.7  An indica type marijuana strain from Afghanistan (this class of drug plants is mapped in Figure 2.7 and discussed in Chapters 12 
and 18). Note the lim-  ited stature, short internodes producing a compact appearance and very wide leaflets. Photographed at the U.S. 
National Institutes of Health, University of Mississippi (Oxford) marijuana plantation site. 



 

 
 

FIGURE 6.8 Marijuana (C. sativa) growing in a mine shaft tunnel for the Canadian medical marijuana program. The limited stature of this strain 
was necessary to accommodate the limited height available. Similarly, growers of illicit marijuana have selected shorter strains that can be grown 
under artificial light in rooms with low ceilings. 

 

As discussed in Chapter 12, for the last half-century, marijuana plants have frequently been grown 

clandestinely indoors to avoid detection by law enforcement, a situation in which tall plants are fre- quently 

too large (especially when overhead lighting and ventilation are installed in a room). Legitimate, authorized 

medicinal marijuana growers also often find tall plants to be too awkward to raise in green- houses and 

specially fitted secure rooms. It is possible to adjust height by controlling the photoperiod, but plants that are 

naturally shorter are often grown where limited height is necessary (note Figure 6.8). “Breeders continue to 

develop early-maturing and high-yielding varieties that are short and compact for indoor grow room use and 

to avoid detection outdoors” (Clarke and Merlin 2013). 

Indoor growers sometimes resort to removing the tops (Figure 6.9), pinching stem buds to pro- mote 

branching, trellising, and other techniques to limit the height of plants (Clarke 1981). Potter (2009) 

observed that the height of indoor plants can be shortened by growing them under continu- ous light or 

by brushing the plant in early development (like plants buffeted by wind, the stems become thicker and 

shorter to resist movement). 

 

 

 

 

 

 

 

 



 

“Sea of Green” and “Screen of Green” cultivation MethodS 

“Sea of Green” (SOG) and “Screen of Green” (or “SCOG” [Screen of Green Growing]) refer to indoor 

cultivation methods of inducing low continuous indoor marijuana canopies in order to maxi- mize use of 

limited space. 
 

 
 

FIGURE 6.9  A marijuana strain of C. sativa that has been topped in early growth (the terminal meristem of the stem leader destroyed), 
causing extensive branching and the development of numerous “buds” (congested flowering branches). Photo by Chrisgedwards (CC BY 3.0). 

 

Sea of Green is a method developed in the Netherlands that grows marijuana so that the buds mature 

and can be harvested while the plants are young, short, and well branched. Because illumina- tion is 

intercepted mostly by the upper part of a marijuana plant, and the lower parts receive relatively limited 

amounts, the technique is a way of shortening the light-intercepting canopy so that most of it is well lit and 

growth is optimized. Effectively, this is a way of eliminating much of the lower leaves, which are somewhat 

parasitic on the plant when the plant is tall. Much more intense light is available outdoors, so the technique 

is intended for indoor growth. The method is based on growing a higher density of plants (for example, one 

plant per 30 cm2) than usually established but harvesting them faster. Productivity can be considerable 

(Knight et al. 2010). The tendency of strains to grow fast, tall, and/or branch and the maturation time will 

determine planting density. A wire or cord trellis may be spread horizontally over the canopy to support the 

heavy maturing branches, using twist ties to attach the branches to the trellis framework. Tying down the 

main stalk (leader) at a low level stimulates the growth of lower branches, promoting even filling in of the 

canopy. Some trimming may be necessary to encourage uniform development of the canopy, as well as 

openness below the canopy to allow ven- tilation. Lower, senescing leaves should be removed to increase air 

circulation. The trellis should be positioned about 20 cm above the top of the growth medium. 

SCOG is essentially the same as the SOG method but specifically employs a horizontal trellis (“screen”) 

through which plants grow. Training of plants tends to be more severe than in the SOG method, keeping 

the plant canopy short. (The vertical growth in SCOG is more limited than in SOG, the canopy of SOG 

described as a “forest” and that of SCOG as a “field.”) Chicken wire with 5-cm openings is commonly 

employed as the screen, but nylon netting can also be used (although it is less sturdy). 

These methods are labor intensive, more suitable for small spaces of limited height than for  large grow 

rooms and for circumstances where maximum yield from limited lighting is desired. Not surprisingly, these 

techniques have been particularly employed for clandestine growth, where maximizing production in very 

limited indoor spaces is an imperative. 



 

REDUCING THE HEIGHT OF FIBER PLANTS 

Ranalli and Venturi (2004) and Amaducci (2005) describe a practice sometimes employed in Italy that 

dwarfs fiber hemp (producing so-called “baby hemp”) so that it can be processed by the same equipment 

used for the much shorter stems of flax. Seeds are sown at high density (100–120 kg/ha), and when the 

hemp stems are about 1.2 m tall, they are sprayed with desiccants (generally the herbicide glyphosate) to 

stop their growth. However, the process is considerably less efficient than normal hemp technology. 

Westerhuis et al. (2009) examined the possibility of producing dwarfed hemp simply by postponing the 

sowing date or of planting two successive short-season crops, and while the small plants so produced were 

quite usable for hemp fiber, the feasibility and economics of producing dwarf fiber plants have not seemed 

worthwhile. 

Another curious technique to control height at harvest time was employed in the middle of the 

twentieth century in Russia (Kirby 1963). Because of very high demand for labor in the autumn, three 

different varieties that respectively matured very early, in mid-season, and in the fall were planted, thus 

distributing availability of workers and machinery throughout the growing season. An added advantage 

was that retting (described in Chapter 7) of summer-harvested stems proceeded more quickly, required 

less space, and produced higher-quality fiber in the warmer weather. 

 

RESISTANCE TO CATASTROPHIC STEM DAMAGE 

Cannabis sativa normally has a dominant leader stem that produces a central stalk. As discussed in this 

section, the species has an amazing capacity to recover from catastrophic damage to the main stem. 

The European corn borer (Ostrinia nubilalis = ECB; Figure 6.10a) is a major Lepidopteran pest of C. sativa. 

Young larvae eat the leaves until the insects are half-grown and then bore holes into the stems. A typical 

entrance hole resulting from an attack on the main stem is shown in Figure 6.10b. The insect is indigenous to 

the Old World, where it apparently once reproduced mainly in association with Cannabis and its close relative 

Humulus (although also attacking many other plant species). It was not exposed to corn (i.e., maize, Zea 

mays), which is indigenous to the Americas, until post-Columbian times (“European hemp borer” would 

have been a better choice of name). In a study of infestation of a large experimental field, Small et al. (2007) 

discovered that ECB damage to C. sativa increased the shoot weight of the plant by 20%, concomitantly 

enlarging seed production, suggesting that C. sativa is adapted to the insect. The expanded productivity 

observed was due to branch proliferation at the site of the attack (see Figure 6.10c and d). Figure 6.10e 

shows silhouettes of a normal and an ECB- damaged plant, and it is evident that the increased number of 

branches resulting from the damage has produced more biomass and more seeds. (The insect preferred 

larger stems but was unaffected by tetrahydrocannabinol content, which varied considerably in the 

experimental field.) 

There is controversy whether insect damage may, at least in a limited sense, be good for plant 

productivity. McNaughton’s (1983) classic paper in this regard proposed that in some circumstances, plants 

can respond to herbivory by just growing faster (“compensation” or “overcompensation”). Verkaar (1986) 

surveyed papers purporting to support the hypothesis that grazing can have positive effects on plant 

growth and fitness and concluded that “the hypothesis may only be tenable under very particular 

circumstances.” 

Horticulturally, it is well known that destroying leader buds to induce proliferation of flowers or fruits in 

a range of plants can increase productivity, so it is logical that insects that carry out this activity might also 

be beneficial to crop production. Moreover, as noted previously, humans have engaged in the practice of 

damaging stems to increase the productivity of C. sativa. Pate (1998b) observed that when growing hemp 

for seed, the number of flowers per plant and the number of seeds produced can be increased by topping 

the plants when 30 to 50 cm high. Dewey (1902) recorded that hemp grown in North America at the turn 



 

of the century was sometimes topped to make it spread and produce more seed. Moes (1998) found that 

following severe hail damage to a hemp plot in Manitoba, axillary branches developed at nodes below 

damaged stems, produced inflorescences, and provided a substantial (albeit reduced) seed yield. 

 

 

 

 
 

FIGURE 6.10 Response of C. sativa to the European corn borer (ECB) (Ostrinia nubilalis). (a) Left: female adult; photo by Frank Peairs, Colorado 

State University, Bugwood.org (CC BY 3.0). Right: larva; photo (pub- lic domain) by Keith Weller, U.S. Agricultural Research Service. (b) 

Photograph of an ECB infestation site on a C. sativa stem. Note frass around entrance. (c, d) Photographs of site of branch proliferation caused 

by ECB damage. (e) Silhouettes of normal plant (left) and plant developed after ECB damaged the leader. Figures b–e based on Small, E., 

Marcus, D., McElroy, A., Butler, G., J. Ind. Hemp, 12, 15–26, 2007. 

 

 

 

FOLIAGE ARCHITECTURE 

There is great variation of the size of leaves and the shape of leaflets in C. sativa. The evolution and ecology 

of leaf size are complex subjects and are related to the total number of leaves and their turn- over rate (e.g., 

Whitman and Aarssen 2010). In numerous plants, the leaves of domesticated forms are larger than is the 

case in related wild species. This is likely due to the greater photosynthetic capacity of large leaves, the 

result of selection by humans to be more productive in a given limited area. This pattern seems to be true 

for the three classes of domesticated Cannabis (fiber, oilseed, and marijuana), all of which tend to have 

larger leaves than do wild Cannabis plants. In Cannabis, compared to the foliage of wild plants, the 

photosynthetic area of individual leaves is often larger in domesticated plants by virtue of (1) having more 

leaflets and (2) having leaflets that are larger, especially wider (compare the wild leaves of Figure 6.11a and 

b with the domesticated leaf in Figure 6.11c). This pattern of larger leaves with wider leaflets in 

domesticates compared to wild relatives is frequently encountered in other crops with compound leaves, 

for example, in carrot, Daucus carota L. (Small 1978b), and in alfalfa, Medicago sativa L. (Small 2011b). On 

the basis of modeling con- siderations for tomato leaves, Sarlikioti et al. (2011) concluded that for a given 

leaf area, bigger but fewer leaflets were better at intercepting light than more but smaller leaflets. 

(a) (b) 

(c) 
(d) (e) 

http://www.bugwood.org/


 

 

 
 

FIGURE 6.11 (a, b) Examples of wild races of C. sativa with very narrow leaflets. (a)  is the type specimen of C. sativa var. spontanea Vavilov,  

(b) is the type speci-  men of C. ruderalis Janischevsky (which is correctly classified as C. sativa var. spontanea). (c) A large leaf with wide 

leaflets of a fiber cultivar (C. sativa var. sativa). 

 

Environment can modify leaf size. The leaves of many plant species growing in the wild are often small simply 

because of environmental modification—from the more stressful conditions encountered in nature. In 

Cannabis, however, the leaflets of wild plants are typically small even in excellent growth conditions. When 

fiber cultivars are grown closely together, as done convention- ally, branching is suppressed and they lose 

most of their lower leaves. The fewer leaves that survive near the top of the plants are larger, partly as a 

matter of physiological compensation, but also as a genetically controlled tendency to produce larger leaves. 

Some kinds of Chinese fiber land races and southern Asian (indica type) marijuana races are noted for their 

large leaves with wide leaflets—a clear reflection that they are the products of consid- erable domestication. 

As discussed in Clarke and Merlin (2013), these groups are ancient and have undergone millennia of 

selection. 

Larger leaves (and larger leaflets) in domesticated Cannabis may be the result of greater photo- synthetic 

demand, but why should leaflets be narrower in related wild plants? Brown et al. (1991) examined the 

hypothesis that the feeding efficiency of leaf-eating insects is lowered on leaves that are small, dissected, 

or needle-like—patterns that make the insect work harder to reach the edible lamina. It seems possible 

that the smaller, narrower leaflets in wild plants of C. sativa    are adaptive in making their foliage less 

accessible to herbivores, and the reduced need for such protection in domesticated plants has allowed them 

to develop bigger, wider leaflets. It is also possible that smaller and narrower leaflets are more resistant to 

wind damage, another advantage in wild plants. 

As pointed out in Chapter 12, the two groups of marijuana plants differ in leaflet width, with sativa type 

plants having narrower leaflets than indica type plants. The underground marijuana literature sometimes 

also contends that the leaves of indica type plants tend to have fewer leaflets than those of sativa type. 

Coincidentally, indica type plants have much shorter internodes, result- ing in pronounced crowding of the 

foliage and darker green foliage. These variables seem to be correlated in the same ways that shade leaves 

differ from sun leaves. Many plants develop smaller, lighter-green leaves in the sun and larger, darker-green 

leaves in the shade (e.g., Nobel 1976; Givnish 1988), and the crowded (therefore shaded) leaves of indica type 

plants seem to be consistent with this observation. 

 

(a) (b) (c) 



 

PROTECTIVE UNICELLULAR HAIRS 

Most of the above-ground plant surfaces of C. sativa, especially of the foliage, develop stiff, pointed hairs, 

technically termed “trichomes.” Glandular trichomes, which are multicellular, are discussed in Chapter 11. 

This chapter addresses two kinds of “simple” unicellular trichomes. Although can- nabis material is almost 

always identified chemically for court purposes, the hairs have also been employed as identification features, 

as they frequently differ from hairs in other plants (Thornton and Nakamura 1972). In particular, the 

presence of rigid cystolithic hairs predominantly on the top of the leaves and relatively flexible simple hairs 

on the bottom is suggestive that herbal material is marijuana. The two kinds of hairs are described next. 

 

Cystolithic trichomeS 

“Cystolithic” trichomes (Figure 6.12) are a mechanical defense against herbivores. By definition, such 

unicellular hairs have small particles of calcium carbonate embedded in the base (as shown in Figure 6.12a; 

“cystolith” is derived from the Greek kustis and lithos, meaning “bag of stones”). In Cannabis, cystolithic 

hairs are predominantly present on the adaxial (“upper”) surfaces of leaves. This feature tends to make the 

plant unpleasant to chew and less palatable to herbivores, protecting them from being eaten. Reinforcing 

this unpalatability is the presence of calcium oxalate crystals in many cells of the leaves (Figure 6.12b). Both 

calcium carbonate cystolithic hairs and calcium oxalate crystals are antiherbivore features which many other 

species of plants also possess. 

 

 

 

FIGURE 6.12 Cystolith hairs (unicellular structures with  calcium  carbonate  particles  embedded  in  the base). (a) Diagram of a single cystolithic 

hair (from Figure 6.1).  (b)  Section of leaf showing cystolith hairs  on adaxial (“upper”) surface and simple hairs on abaxial (“lower”) surface. 

From Meijer, J.G., Structuur van de Inflorescentieschubben van C. sativa. http://www.geheugenvannederland.nl/?/en/items/SAE01:2074, 1904 

(public domain). (c) Scanning electron micrograph of adaxial (“upper”) surface of a young leaf of C. sativa, showing protective cystolithic 

trichomes arrayed in one direction. Photo by E. Small and T. Antle. 
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The hairs are also quite stiff, acting like miniature thorns. They tend to point toward the tip of leaves  (Figure 

6.12c),  and because they are mostly orientated in the same direction, they provide  a roughness to the 

surface of foliage, which probably discourages larger animals. This roughness is responsible for causing skin 

irritation and dermatitis in people who handle C. sativa extensively without suitable protective clothing. 

 

Simple  trichomeS 

Also common on much of the plant are additional unicellular hairs that lack the basal stony concre- tions and 

tend to be slimmer. These are silicified, tending to increase the unpalatability of the foliage. In Cannabis, 

simple hairs are present on both surfaces of leaves, but in young leaves, they can be dominant on the abaxial 

(“lower”) surface. These hairs also are protective as a physical barrier, insulating the foliage from insects, as 

illustrated in Figure 6.13. Insects tend to prefer the lower sur- face of leaves, where they are relatively hidden 

from predators and where it is cooler, so protection of the lower leaf areas is particularly important. 

 

CURIOSITIES OF SCIENCE, TECHNOLOGY, AND HUMAN BEHAVIOR 

• According to a traditional Japanese children’s story, Ninja warriors planted a batch of  hemp when 

they began training, with the intent to leap over it every day. By the end of the season, the warriors 

were expected to jump over the 3–4 m (10–13 feet) high mature hemp. 

• In the French Ardennes, it was thought to be absolutely essential that the women become drunk on 

the night of the first Sunday in Lent, in order that the hemp would grow tall. 

• In medieval times in southwestern Germany, men and women leaped hand-in-hand over a bonfire, 

while calling for the hemp to grow. It was believed that those who jumped highest would cause the 

hemp on their farms to grow tallest. 

F. When sowing hemp seeds in old France, farmers would pull up their pants as far as possible, believing that the 

hemp would grow only as tall as their pants. 

G. Still another European practice to make hemp grow tall was to sow hemp seeds on days dedicated to saints 

believed to be tall. 

H. Hemp has been observed to grow 15 cm per day. 
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FIGURE 6.13 Scanning electron micrograph of abaxial (“lower”) surface of a young leaf of C. sativa, show- ing a mite attempting to penetrate a 

protective forest of simple hairs and young sessile resin glands (the spheri- cal structures). Note the presence of stomates, which in most plants 

tend to predominate on the lower shaded surfaces, where these pores will lose less water by evaporation and so lessen the danger of the plant 

drying out. Prepared by E. Small and T. Antle. 
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Fiber Deep Dive 
INTRODUCTION TO FIBER 

Hemp is a natural fiber, and to appreciate its current importance, it is desirable to have some background into 

the nature of fiber and the world market for it. “Fiber” has several meanings, but for purposes of this chapter, 

it refers to thread-like material, either obtained from natural sources or human-made, and used in various 

forms (especially woven into fabrics, matted as in paper, or glued together as in fiber- board). Wood fiber 

provides over three-quarters of all fiber produced and also dominates the number of species that are available 

to produce fiber (wood fiber can be obtained from over 10,000 species of trees and over 1000 species of 

bamboo). Except for the category “manmade cellulosics,” wood fiber is excluded from the following analysis 

(see Figure 7.1). “Mineral fibers” (mostly made of glass, steel, asbestos, or carbon) are also excluded from this 

discussion. There are two basic classes of fiber: natural and synthetic. The world’s natural fiber market includes 

fibers extracted directly from plant and ani- mal species.  

 

Cotton (from Gossypium species) and wool are the leading natural fibers. Other plant spe- cies significant in 

world trade because they are deliberately cultivated for fiber include jute (Corchorus species), kenaf (Hibiscus 

cannabinus L.), roselle (Hibiscus sabdariffa L.), sunn hemp (Crotalaria juncea L.), flax (Linum usitatissimum L.), 

ramie (Boehmeria nivea (L.) Gaudich.), abaca (Musa textilis Née; = Manilla hemp, Manila hemp), sisal (Agave 

sisalina Perrine), and henequen (Agave fourcroydes Lem.). As illustrated in Figure 7.2, important vegetable 

fibers originate from different parts of plants (leaves, stems, seeds, fruits), depending on the species. Plant 

fibers are also obtained as by-products from crops, notably from straw left after cereals (particularly wheat, 

sorghum, and rice) are harvested, and from bagasse (the fibrous residue remaining after sugar from sugar cane 

is extracted). In contrast to natural fibers, synthetic fibers are prepared from fossil fuels. Examples include 

polyester, polypro- pylene, and nylon. Manmade cellulosics is an intermediate category (sometimes included in 

synthetics and sometimes termed “regenerated fibers”); high-cellulose material, primarily salvaged from 

timber processing and crop residues (especially cotton), are chemically processed and converted to produce 

manufactured fibers. Rayon and acetate are examples.  

 

The world’s fiber market today is dominated by synthetic fibers, especially polyester, which is made mostly from 

ethylene derived from coal. Polyester constitutes three-quarters of all synthetic fibers. The world’s textile 

market generally uses fiber for fabrics, particularly for clothing. Cotton currently accounts for almost 40% of 

the total textile fiber market (and 85% of the natural fiber textile market), but polyester is more important, 

accounting for over 50% of the total textile fiber market. For years, polyester has been gaining market share 

while cotton has been losing ground. Animal fibers such as wool and silk, which are protein based, have also 

been losing popularity. Today, hemp constitutes only about 0.3% (on a tonnage basis) of the world’s natural 

fiber production (excluding wood fiber). 

 

 

 

 



 

HISTORY 

Ancient Hemp History 

For most of recorded history, Cannabis sativa was primarily valued as a fiber source, considerably less so as 

an intoxicant, and only to a limited extent as an oilseed crop. Hemp is one of the oldest sources of textile 

fiber, with extant remains of hempen cloth trailing back at least six millennia. For thousands of years, hemp 

has been most valued for rope because of its strength, durability, and water resistance (Bócsa and Karus 

1998). 

Estimates of the time that hemp was harvested by the Chinese range from 6000 years (Li 1974) to 8500 years 

(Schultes 1970;  Schultes and Hofmann 1980)  or even  10,000 years (Allegret 2013). 
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FIGURE 7.1 Relative composition of the global fiber market (in 2014), excluding wood fiber except for man- made cellulosics. Synthetic fibers 
are oil based, the remaining categories originate from harvested plants and livestock. (Compare Small 2013b.) 
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FIGURE 7.2 A synthetic plant showing parts of the world’s major species utilized for vegetable fibers. 

 

For millennia, hemp has been a respected crop in China (Touw 1981; Clarke and Merlin 2013), where it 

became a very important fiber for clothing (note Figure 7.3). The Chinese also manufac- tured strings, ropes, 

textiles, and paper from hemp (Li 1974). To this day, China remains the world’s chief producer of hemp fiber. 

Hemp grown for fiber was introduced to western Asia and Egypt and subsequently to Europe between 1000 

and 2000 BC. Cultivation in Europe became widespread after 500 AD. The crop was first brought to South 

America in 1545, in Chile, and to North America in 1606, in Port Royal, Acadia (Small 1979b). 
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FIGURE 7.3 Traditional ethnic Chinese hemp dresses, exhibited in the Yunnan Nationalities Museum, Kunming, Yunnan, China. Photos by 

Daderot (released into the public domain). 
 

The  Golden  Age  of  Hemp  in  the  Western  World 

Hemp was one of the leading fiber crops of temperate regions from the sixteenth through the eigh- teenth 

centuries. It was an important European crop until the middle of the nineteenth century. Hemp was widely 

used for rot-resistant, coarse fabrics as well as for paper, and was the world’s lead- ing cordage fiber (used for 

rope, twine, and similar purposes) until the beginning of the nineteenth century. Until the middle of the 

nineteenth century, hemp rivaled flax as the chief textile fiber of vegetable origin and was described as “the 

king of fiber-bearing plants—the standard by which all other fibers are measured” (Boyce 1900). 

Ships once used enormous amounts of hemp (Figure 7.4). Hemp was the raw material for sails because the 

fabric is very water and rot resistant. Most ship sailcloths, rigging, and nets up to the late nineteenth century 

were made from hemp fiber. 

 

 

FIGURE 7.4 Major maritime uses of hemp in the past. Hemp was used for (a) sails, ropes, and rigging, (b) nets, and (c) oakum for caulking 

seams in wooden ships, and was indispensable for navies. Prepared by B. Flahey. 

(b) 

(a) (c) 



 

 

The “age of sailing ships” is usually defined for Western countries as lasting from the sixteenth century to 

the mid-nineteenth century (peaking in importance in the nineteenth century, the “Golden Age of Sailing”). 

During the age of sailing ships, Cannabis was considered to provide the very best canvas, and indeed this 

word, as well as the genus name Cannabis, is derived from the same ancient language words for hemp. A 

single ship could require as much as 60 tonnes of hemp rope—30 km for rigging alone; an anchor cable could 

exceed 60 cm in diameter. To replace worn-out hemp materials, larger ships could require 100 tonnes of 

hemp fiber every year (Bócsa and Karus 1998). 

 

The labor-intensive pre-twentieth century period 

Traditional planting, harvesting, and processing of hemp were astonishingly labor-intensive, as indi- cated 

in Figure 7.5. In Europe, prisoners were often conscripted to process hemp. As shown in Figure 7.6, 

beating hemp stems to extract the fiber was a common form of hard labor in Victorian prisons. As shown 

in Figure 7.7a, “picking oakum” was another especially laborious task, needed to prepare the considerable 

amounts necessary to make ships water-tight (Figure 7.7b). Convicts were provided with worn-out ropes 

and were required to untwist them into corkscrew strands, unroll, and de-tar these into a fluffy mass 

of fibers, then roll the fibers from thigh to knee to produce a loosely twisted continuous strand. Only 

occupants of jails and poorhouses picked oakum, and the phrase “picking oakum” came to mean 

“getting into trouble.” When slavery and poorhouses were abolished, labor for preparing oakum became 

so limited that it contributed to the demise of hemp. 

The hemp industry flourished in Kentucky, Missouri, and Illinois between 1840 and 1860 because of the 

strong demand for sailcloth and cordage (Ehrensing 1998). From the end of the Civil War until 1912, 

virtually all hemp in the United States was produced in Kentucky (note Figure 7.8), and although simple 

machinery was adopted to facilitate collection and processing, a large labor force was still required. As 

documented by Hopkins (1951), slaves conducted the heavy labor prior to  the American Civil War, and the 

diminishing production afterward was carried out by subsistence farmers and low-wage hired hands. 

 

The twentieth century great demise of Hemp in the Western 

World 

Several developments, listed in decreasing order of importance in the following, drastically cur- tailed the 

importance of hemp fiber outside of Asia. (1) The use of steam- and petroleum-powered motorized ships 

greatly reduced the need for hemp fiber for naval purposes. (2) Hemp rope tends to hold water in the 

interior, and to prevent internal rotting, the ropes were tarred, a laborious process that was made 

unnecessary when abaca was substituted. Abaca rope proved preferable for marine use because it was 

lighter, could float, and had greater resistance to salt water corrosion. (3) The Industrial Revolution 

(approximately 1760–1840 in Britain) initiated sustained economic growth and living standards in the 

Western world but also accentuated differences for the cost of fiber production between rich temperate 

regions and poor tropical and semitropical regions. As a fiber crop, hemp (like flax) is best adapted to 

temperate areas, in contrast to other leading fiber crops such as cotton, jute, and sisal.  

 

Outside of Asia, production costs (largely determined by labor) in recent centuries have been much 

cheaper for tropical and semitropical fiber crops, and this contrib- uted to making hemp much less 

competitive. (4) Hemp fiber was once important for production of coarse but durable clothing fabric. In 

the nineteenth century, softer fabrics took over the clothing market. As the world has judged, cotton is a 

remarkably more attractive choice for apparel.  



 

The invention of the modern cotton gin by Eli Whitney in 1793 enormously increased the efficiency of 

cotton production and has been claimed to have contributed to the demise of hemp fiber, which is 

relatively difficult to separate cleanly from other parts of the plant. Increasing limitation of cheap labor for 

traditional production in Europe and the New World led to the creation of some mechani- cal inventions 

for preparing hemp fiber, but too late to counter growing interest in competitive crops.  

 

 
 

 
 

FIGURE 7.5 Traditional nineteenth century European hemp extraction and processing technologies. 
(a) Cutting down plants at base. (b) “Water retting,” the process of immersing stems for a week or more, so decay microorganisms loosen 

attachment of fiber to other tissues. (c) An alternative to retting: hand-stripping the fiber-bearing “bark.” (d) Using a “hand break” to crudely 

separate fiber from retted stems. (e) Left: Beating dried hemp stalks with a hand tool to crudely separate fiber from retted stems. Right: Hackling 

(drawing par- tially cleaned hemp bark fiber through a bed of nails to clean off remaining undesired tissues). (f) Spinning fiber into thread. (a–

d) From Lallemand, M.G.,  Levy, M. 1860. L’illustration Journal Universel 926, 1860.  (e and f) From Anonymous, Galerie industrielle, Eymery, 

Paris, France, 1822 (in French). 

(a) (b) 

(c) (d) 

(e) (f)  



 

 

 

 
 

FIGURE 7.6 A prison for prostitutes in London, showing them using mallets to clean off debris from  harvested hemp. One of a series of six 
paintings (1731) converted to engravings (1732), called The Harlot’s Progress, prepared by the English artist William Hogarth. (Public domain 
illustration.) 

 

(a) (b) 
 

FIGURE 7.7 Activities related to oakum. (a) Oakum preparation in prison. From Mahew, H., Binny, J., The Criminal Prisons of London, and Scenes 

of Prison Life, Griffin, Bohn, and Company, London, U.K., 1864. (b) Caulking of a ship’s hull with oakum. From Von Henk, L.F.W., Nieth, E., von 

Werner, A., Zur See, 3rd ed., Verlagsanstalt und Druckerei, Hamburg, Germany, 1895 (in German). 

 

  



 

 

 

 
 

FIGURE 7.8 Early twentieth century postcards showing hemp harvesting and extraction scenes in Kentucky. (a, b) Machine-assisted harvesting. 
(c) Harvesting by hand. (d) Bundling cut stems into “shocks” for field ret- ting. The shocks shed water like pup-tents, promoting even drying. (e) 
A field with hemp bundled into shocks. 

(f) Using a “hand break” to crudely separate fiber from stems. (Public domain illustrations.) 

 

 

(5) Human-made fibers began influencing the marketplace with the development of rayon from wood 

cellulose in the 1890s. Largely during the twentieth century, commercial synthetic fiber technology 

increasingly became dominant (acetate in 1924, nylon in 1936, acrylic in 1944, polyester in the 1950s), 

providing competition for all natural fibers, not just hemp. (6) Hemp rag had been much used for paper, 

but the nineteenth century introduction of the chemical woodpulping process considerably lowered 

demand for hemp. (7) A variety of other, minor usages of hemp became obsolete. For example, the use of 

hemp as a waterproof packing (oakum), once desirable becauseof resistance to water and decay, became 

antiquated. (8) The growing use of the cannabis plant as  a source of marijuana drugs in the Western world 

in the early twentieth century gave hemp a very bad image and led to legislation prohibiting cultivation of 

hemp (note Figure 7.9). During the two World Wars, there were brief revivals of hemp cultivation by both 

the allies and Germany because of difficulties importing tropical fibers. In particular, abaca and sisal fiber 

from the Philippines  and Netherlands Indies were cut off in late 1941, and there was a concerted effort to 

reestablish the industry in the United States (Wilsie et al. 1942, 1944; Hackleman and Domingo 1943; note 

Figure 7.10). In 1952, the U.S.  Department of Agriculture issued a revision of Robinson’s  (1935)  guide  to 

cultivating hemp in the United States but lost interest in the crop subsequently.  

(a) (b) 

(c) (d) 

(e) (f)  



 

 

After the war, however, hemp cultivation essentially ceased in most of Western Europe, all of North 

America, and indeed in most non-Asian countries, although production continued at a diminished level in 

Asia, eastern Europe, and the Soviet Union. 

 

 

 
 

FIGURE 7.9 Stamps required to satisfy the regulations of the U.S. Marihuana Tax Act of 1937. The act governed the importation, cultivation, 

possession, and/or distribution of marijuana. Medical usage required    a levy of a dollar an ounce (28 g), any other usage was taxed at $100.00 

an ounce. Importers were required   to register and pay an annual tax of $24. Marihuana Tax Act stamps were required to be affixed to order 

and export forms. Violations of the act resulted in a fine of up to $2000 and/or imprisonment for up to five years. The Marihuana Tax Act of 

1937 stopped not just the use of the plant as a recreational drug but also commercial production and trade in industrial hemp. Top: stamps 

issued in 1937 (public domain photo by U.S. Customs and Border Protection). Bottom: stamp issued in 1945 (public domain photo). Stamps such 

as these have become collector’s items, selling for over $1000.00 apiece (Wirtshafter and Krawitz 2005). 
 

 

 

 

FIGURE 7.10 A poster (public domain) that was widely circulated to promote the production of hemp for the 
U.S. war effort. During World War II, the Japanese cut off supplies of abaca from the Philippines. In response, the U.S. government contracted 

the building of over 40 hemp fiber processing mills throughout the Midwest to produce cordage for the navy. 



 

The recent renaissance 

In Asia (particularly in China), in most of the Soviet Union, and in most of Eastern Europe, hemp cultiva- tion was 

not prohibited as it was in most of the remaining world during the twentieth century. In these areas, hemp 

production continued to a lesser or greater degree depending on local markets (Ceapoiu 1958; De Meijer et al. 

1995). A surge of interest in reestablishing the hemp industry in Western countries began in the 1990s, 

particularly in Europe and the British Commonwealth. At the time, governments generally were hostile to 

growing any form of C. sativa for fear that this was a subterfuge for making marijuana more acceptable. 

Throughout Western nations in the 1990s, interest in reviving traditional nondrug uses of C. sativa, as well as 

developing new uses, has had to contend with the dominating image of the plant as a source of marijuana. 

Nevertheless, cultivation resumed in the temperate-climate regions of many Western countries. Examples of 

first resumption of cultivation include the following: Australia (Tasmania), 1990; Austria, 1995; Canada, 1998; 

England, 1993; Germany, 1995; the Netherlands, 1994; Spain, 1986; Sweden, 1995. Some Western European 

countries, such as France and Spain, never prohib- ited hemp cultivation and also participated in the 1990s in 

the revival of hemp cultivation. The impetus for growing hemp in the West was economic, motivated by the 

general need to find new profitable crops. Critical to the successful initiation of hemp cultivation in most 

countries was persuasion of governments that the hemp industry would not compromise programs controlling 

forms of Cannabis that could be used to produce marijuana. About three dozen countries currently grow 

significant commercial hemp crops. As of 2016, the United States has been the only notable Western nation to 

persist in prohibiting hemp cultivation, although, the majority of U.S. states have enacted resolutions or 

legislation favoring the resumption of hemp cultivation, and cultivation has been initiated in some states. 

However, federal 

U.S. laws have precedence. The reluctance to authorize hemp cultivation has been particularly related to 

continuing suspicion that cultivating hemp would facilitate and promote “narcotic” usage of the species (Figure 

7.11). There has been a widespread perception in the United States that those promoting indus- trial hemp are 

pro-marijuana interest groups. Indeed, “Groups such as the National Organization for the Reform of Marijuana 

Laws (NORML) have picked up the hemp crusade in order to claim the benefits of industrial hemp as an 

advantage of marijuana legalization” (Caulkins et al. 2012). 

 

 

FIGURE 7.11 The view that cultivating hemp (the outer perimeter of the plantation) is a stalking horse or subterfuge for recreational marijuana 

usage. Prepared by B. Brookes. 



 

 

 

 
 

FIGURE  7.12   The two basic classes of fiber in the stem. The top of this hemp stem was subjected to ret-    ting (decomposition of the softer 

tissues), separating the phloem (bast) fiber from the woody core, which is composed of xylem fiber. The phloem fibers are amalgamated into 

bundles; note how these bundles intersect to form a net-like supportive girdle. As discussed in the text, the woody core provides vertical 

strength, while the phloem fiber network provides flexibility, preventing excessive bending and torsion. Compare Figure 7.18. Photo by Natrij, 

released into the public domain. 

 

THE TWO BASIC CLASSES OF STEM FIBER: 

PHLOEM (BAST) AND XYLEM (WOOD) 

Two basic classes of fiber occur in the stems of C. sativa: phloem (bast) fiber and xylem (wood) fiber, 

illustrated in Figure 7.12. These are associated with the two vascular (fluid transportation) sys- tems of 

plants: xylem tissue, which functions to transport water and solutes from the roots to other parts of the 

plant, and phloem tissue, which transports photosynthetic metabolites from the foliage to nourish other 

parts of the plant. Additional details on these fibers are presented in the following discussion. 

 

ANATOMY OF THE STEM 

The economically important stem fibre 

Three kinds of fiber cells in the stems of C. sativa are of economic value: primary phloem, second- ary 

phloem, and xylem. The fiber cells of hemp are alive initially but die at maturity as their cell walls become 

blocked by deposit of lignin. The very valuable primary phloem (bast) fibers are initi- ated in the apical 

meristem at the tip of the growing main stem (Figure 7.13, left) and subsequently elongate (much more so 

in the internodes, i.e., between the nodes where the leaves arise). The pri- mary phloem fibers are slightly 

separated from the epidermis of the stem by several layers of cells making up the cortex (Figures 7.13 

through 7.15). Upon the completion of internode elongation, a cambium (thin cylinder of meristematic 

tissue running the length of the stem), located internally to the primary fibers, produces (a) secondary 

phloem fibers toward the outside of the stem (but inside the primary phloem fibers) and (b) xylem (woody 

hurds tissue) toward the center of the stem. 

 

 

Xylem (wood) 
fiber 

Phloem (bast) 
fiber 



 

As a result of the growth processes described previously, the mature hemp stem consists of several 

concentric cylinders of tissue (see Figures 7.13 through 7.15). The multicellular cortex is found immediately 

internal to the unicellular epidermis; as with other stem fiber crops, removal   of the cortex (not to be 

confused with “decortication” described later) by “retting” (also described later) is a key initial step in fiber 

extraction (a partly retted hemp stem is shown in Figure 7.12). Internal to the cortex is the primary phloem 

fiber tissue, in which the principal fiber of interest is found; the primary fibers are amalgamated into rope-

liked “bundles.” Internal to the primary fiber bundles (toward the center of the stem) are the secondary 

phloem fibers, which are also amalgam- ated into bundles. The secondary phloem fiber is of considerably 

lower quality than the primary fiber. Because secondary fiber bundles are more common in the lower third 

of the mature stem,  the upper third of the stem produces higher-quality fiber than the lower third. The 

next significant concentric layer is the cambium, a meristematic tissue that generates the secondary fiber 

toward the outside and the wood (xylem) tissue toward the stem center. A pith made up of undifferentiated 

cells initially occupies the center of the very young stems. As the cambium produces the woody xylem 

toward the center, the pith is crushed and degenerated. The center of the pith becomes hollow, but only 

to a limited extent at the internodes (where the leaves arise), and even less so toward the base of the stalk. 

The woody tissue and the remnants of the pith constitute the “hurds.” 

 

 

 
 

FIGURE 7.13  Simplified diagrams (left: long section, right: cross-section) of a hemp stem showing locations of principal tissues. Particularly note 

the primary phloem, which contains the high-quality long fibers. The short fibers in the secondary phloem are of lesser value but can contribute 

to various modern applications. As noted in the text, the very short wood fibers in the hurds have become a valuable commodity for many 

lower- priced products. Prepared by B. Brookes. 
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Ambiguities regarding stem tissue anatomical terms 

The pith remnants constitute less than 1% of the hurds, but in some descriptions, the entire hurds are 

mistakenly called pith. The phrase “woody core” is often applied to all tissues internal to the cambium, and 

the phrases “woody fibers” and “wood fibers” pertain to the hurd fibers. “Shives” rather than “hurds” is 

more often used for flax than for hemp, and “core” is more frequently applied to kenaf and jute. The term 

“bark” is often used to indicate all stem tissues external to the cambium, so that “bast fibers” is synonymous 

with “bark fibers” (De Meijer 1994a; De Meijer and Keizer 1996a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE  7.14   Structure of a hemp stem with special reference to fiber. (a) Scaled diagram of a cross-section of a mature hemp stem, showing 

detail (at right) of the outer portion. The relative proportions of primary and secondary fiber, hurds, and hollow core vary with maturity, 

position in stem, conditions of cultivation, and genetic background. In fiber extraction, the epidermis and cortex are removed, and the valuable 

phloem fibers are separated at the cambium from the woody central core (hurds). (b) Scanning electron micrograph of a por- tion of a hemp 

stem cross-section. (c) Scanning electron micrograph of a bundle of primary fibers. (a) Prepared by B. Brookes. (b and c) Prepared by E. Small 

and T. Antle. 
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HOW THE THREE KINDS OF FIBER CONTRIBUTE TO STEM STRENGTH 

Tall stems such as occur in C. sativa require structural support, and the three kinds of fibers are important 

in this respect. 

 

Xylem  fiber 

In trees, wood tissues (which include very tough tracheid cells) are responsible for the vertical strength of the 

stem, and indeed, in C. sativa, wood tissue (the “hurds” described previously) occupying the central part of 

the stem is also the main source of strength. The wood fibers of C. sativa are notably shorter than the 

phloem fibers and are significantly stiffer and less flexible. Like the trunk of a tree, the stalk becomes thicker 

(and woodier) toward the base, for support. The stalk may exceed 50 mm in diameter in uncrowded plants, 

but in thick stands, the stalk usually varies from 6 to 20 mm. The progressive thickness toward the base is 

due mostly to more hurd tissue being formed. 
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FIGURE  7.15   Cross-section of the outer part of a hemp stem, 

the tissues biologically stained to contrast    their differences. 

Photo courtesy of Charlene Forrest and Jane P. Young (additional 

information is available  in Forrest and Young 2006).
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Secondary Phloem Fibre 

As noted previously, primary phloem fibers glued together in fiber bundles occur in the outermost part of 

the stem. The phloem fibers (both primary and secondary) serve only to a limited extent to supplement 

vertical stem strength; their principal function is to provide flexibility so that the stem can bend but not 

break in response to wind and other environmental forces. The very high tensile strength of the phloem 

fibers limits bending and turning (torque). The long axis of the phloem fibers is more or less parallel to the 

stem axis—an arrangement that naturally keeps the stem upright and resists stem bending. 

 

Secondary Phloem Fibre 

As noted previously, secondary phloem fibers glued together in fiber bundles develop between the outer 

primary fiber bundles and the internal xylem. The secondary fibers are much shorter than  the primary 

fibers, and the secondary fiber bundles are smaller in diameter than the primary fiber bundles. Because 

the primary phloem fibers stop being formed when the stem is young and slim, the secondary fibers take 

on the task of adding to the growing need for strength of the stem as it enlarges. As noted previously, the 

progressive thickness of the stem toward the base is due mostly to more hurd tissue being formed, but this 

woody tissue is supplemented toward the base of the stalk by secondary fibers. Because females live longer 

than males, they develop thicker, stronger phloem fiber cells and more secondary fiber bundles than do the 

males. Proportionately, males have a greater amount of primary fiber in the stems, resulting in higher 

quality. 

 

LIGNIFICATION 

Cell wall lignification deposits lignins (ill-defined phenolic polymers) in the extracellular polysac- charidic 

matrix (i.e., between cells, which are accordingly more strongly glued together), adding strength to fiber 

cell bundles as they age (Ros Barceló 1997). This has mixed benefits: it decreases overall fiber quality, 

increasing the tensile strength of the fibers but reducing break and torque resis- tance and elasticity (Bócsa 

and Karus 1998). 

 

FIBER QUALITIES 

The primary bast fibers (Figure 7.16) are the most valuable product of the stems. Measuring  3–55 μm long 

(Van der Werf 1994a) or up to 100 μm according to Crônier et al. (2005), they     are among the longest cells 

found in plants. They are 7 to 50 μm in diameter and are amalgam- ated in fiber bundles (do not confuse 

these bundles of cells with the fibril bundles or with the microfibril bundles noted next), which can be 1–5 

m long, although averaging only about 30 μm  in diameter (Shahzad 2012). The fibers in the bundles are 

cemented together by a complex mix- ture of pectins, hemicelluloses, and smaller amounts of lignin. Hemp 

fiber cells are made up of “microfibrils”—bundles of cellulose molecule chains; the microfibrils are 

themselves organized in bundles (“fibrils”) oriented in a helical pattern along the length of the fiber. The 

fibers are notable for their high tensile strength (Fan 2010), due substantially to their thick, cellulosic sec- 

ondary wall and their low microfibril angle (Mohanty et al. 2000). (“Microfibril angle” is the angle between 

the direction of the helical windings of cellulose microfibrils in the secondary cell wall of fibers and 

tracheids and the long axis of the cell. A low angle, i.e., the microfibril orien- tation is close to the fiber axis, 

increases strength.) As noted earlier, the primary phloem fibers arise as cells near the shoot apex and 

continue to elongate, growing intrusively through other stem tissues that have stopped growth.  

 



 

Thickening of the secondary wall continues until the internal part of the cell (lumen) is almost entirely 

filled and the cell dies. The degree of elongation, thick- ness of the cells wall, and hence strength of the 

cells are modifiable somewhat by environmental conditions (Schäfer and Honermeier 2006). Van der Werf 

(1993), reporting on Ukrainian hemp, stated, “Many of the cultivars which have a high fiber content in the 

stem have been found to have larger fiber bundles than the older cultivars which have a low fiber content. 

Large fiber bundles are undesirable as they decrease fiber fineness, one of the most important quality 

parameters for cordage and textile purposes.” 

As the stem matures, the cambium produces additional (secondary) bast fibers, which are short (about 

2 mm long), about 25 μm wide, and more lignified. The woody core fibers of the hurds are even shorter, 

0.5–0.6 mm long, and like hardwood fibers are cemented together with considerable lignin. The secondary 

bast fibers are of notably smaller value than the primary bast fibers, and in turn, the woody core is of still 

lesser value. The secondary bast fiber bundles tend to adhere to the woody core, and so some of this 

fraction is difficult to separate. 
 

 

FIGURE 7.16 Scanning electron microphotograph of individual primary hemp  fibers.  Photo  by  Setral Chemie GmbH (CC BY 3.0). 

 

Various authors differ in their reports on the composition of the fiber and hurds. Gümüşkaya et al. (2007) 

reported that the bast fibers are 57%–77% cellulose, 9%–14% hemicellulose, and 5%–9% lignin, while the 

hurd fibers are 40%–48% cellulose, 18%–24% hemicellulose, and 21%–24% lig- nin. The European Food 

Safety Authority (EFSA) Panel on Additives and Products or Substances Used in Animal Feed (2011) reported 

that the fiber contains 80%–83% cellulose (presumably including hemicellulose) and 17%–20% lignin, while 

the hurds contain 35% cellulose, 18% hemi- cellulose, and 21% lignin. De Groot et al. (1994) reported that 

the hurds contain 33%–37% cellulose, 16%–20% hemicelluloses, and 17%–22% lignin. Van der Werf et al. 

(1994a) stated that the lignin content in hemp varies from 4% in the bast fraction to 21% in the hurds 

fraction. 

Both genetic and environmental conditions determine stem dimensions, as well as size and chemical 

characteristics of the bast fibers of economic interest for fiber hemp. These aspects of the stem are also 

determined to some extent by growth conditions. Diameter of stem, size of bast fibers, and chemical content 

of fiber are determined to some extent by growth conditions, particularly density of planting (for literature, 

see Bócsa and Karus 1998; Amaducci et al. 2005; and Khan et al. 2011). The stems of plants grown very closely 

(12 cm apart) may be only 4 mm in diameter, while the stems of the same variety grown well spaced (45 cm 

apart) may be as thick as 26 mm (Bócsa and Karus 1998). Physical and mechanical properties of the fibers differ 

among the bottom, middle, and top of the stems (Li et al. 2013). Breeding is important to create cultivars with 

improved fiber fineness, tensile strength, and other qualities, but production and processing technologies are 

thought to be critical in making best use of the natural qualities of hemp fiber (Müssig 2003; Finta-Korpel’ová 

and Berenji 2007). 

50 µm 



 

Time of harvest affects fiber quality. Centuries of experience have resulted in hemp being har- vested for 

fiber while it is in early flower. This was confirmed by Liu et al. (2015), who found that “Fibers harvested 

at the beginning of flowering exhibited high tensile strength and strain, which decreased with plant 

maturity. Reduction in strength was related to the increase in proportion of secondary fibers and 

decrease in cellulose deposition leading to inferior properties of fibers.” 

Hemp long fiber is one of the strongest and most durable of natural fibers, with high tensile strength, 

wet strength, resistance to decay, and other characteristics that make it technically suited for various 

industrial products (Hemptech 1995; Karus and Leson 1996). Hemp fiber dyes well, resists mildew, blocks 

ultraviolet light, conducts heat, absorbs water well, and has natural antibacterial prop- erties. Both the long, 

lignin-poor bast fibers and the hurds have considerable applications, as detailed later. As will be noted, 

depending on technology used, the hurds are not completely separated from the bast during retting. 

Frequently, bast fibers remaining attached to the hurds increase the quality of the hurds, and conversely, 

hurds imperfectly separated from the bast decrease the quality of the latter. There is increasing demand for 

lightweight, biodegradable, sustainably produced, recyclable mate- rials that can be used alone or in 

composites, and hemp fiber seems to have excellent properties in these respects (Small 2014b). Shahzad 

(2012) reviewed the industrial qualities of hemp fiber and came to the following conclusions: (1) The natural 

strength and stiffness of hemp fiber are very desirable for reinforcement of composite materials. (2) The 

mechanical properties of hemp fibers are comparable to those of glass fibers, but their biggest disadvantage 

is variability of properties. (3) Composites made of hemp fibers with thermoplastic, thermoset, and 

biodegradable matrices have exhibited good mechani- cal properties. (4) Several surface treatments applied 

to improve fiber/matrix interfacial bonding have resulted in considerable improvements in the mechanical 

properties of composites. 

 

FIBER EXTRACTION TECHNOLOGIES 

As with other bast fiber crops, the most desirable (“long”) fibers are found in the phloem-associated tissues. 

The traditional and still major first step in fiber extraction is to ret (“rot”) away the softer parts of the plant, 

by exposing the harvested stems to microbial decay in the field (“dew retting,” shown in Figure 7.17) or 

submerging the stems in water (“water retting,” shown in Figure 7.5b). 

 

 

(a) (b) 
 

FIGURE 7.17 Traditional dew retting. (a) Windrowed fiber hemp in process of dew retting. Such harvesting of the stems lays the stalks in swathes 
on the ground, where dew and rain showers stimulate decay. Photograph taken in 1930 on the Central Experimental Farm, Ottawa, Canada. 
(b) Shocked fiber hemp in process of dew retting. Photograph taken in 1931, near Ottawa, Canada. Photographers unknown. 



 

 

 

 
 

FIGURE  7.18  A hemp stem, bent sharply after retting, breaking the woody central portion (hurds), leaving   the bark fibers unbroken. The two 
portions of stem are separated in this photograph and are joined by the tough, long bark fiber bundles (cf. Figure 7.12). 
 

During retting, certain bacteria or fungi selectively remove pectic substances that bind the fibers to less 

desirable parts of the stem (the cellulose, which makes up most of the fiber cells, is very resistant to decay). 

The result is to slough off the outer parts of the stem and to loosen the inner woody core (the “hurds”) from 

the phloem fiber bundles (Figure 7.18). Water retting, which produces higher- quality fiber than dew retting, 

has been largely abandoned in countries where labor is expensive or environmental regulations exist. Water 

retting, typically by soaking the stalks in ditches, can lead to a high level of pollution and bad odor of the 

wastewater because of organic fermentation. Most hemp fiber used in textiles today is water retted in China 

(Zhang et al. 2008). Retting in tanks rather than in open bodies of water helps to control the effluents. Unlike 

flax, hemp long fiber requires water retting for preparation of high-quality spinnable fibers for production 

of very fine textiles. 

Occasionally, hemp is “stand retted”—the standing crop is dehydrated by the application of      a desiccant 

herbicide and retting occurs while the crop is erect (and dead). Rarely, hemp is frost retted—the stems are 

allowed to ret outdoors overwinter. A variety of experimental retting techniques have also been attempted, 

such as retting in plastic bags (Li et al. 2009) and ensilage (Idler and Pecenka 2007; Idler et al. 2011). Avoiding 

retting entirely by processing freshly harvested stems directly into products has been proposed (Idler et al. 

2011) and, at least in theory, is an attractive possibility. 

As with other bast fiber crops, hemp phloem fibers are arranged in bundles parallel to the stem axis and are 

embedded in a pectic polysaccharide network. The pectin network cementing the fibers together is the major 

obstacle to obtaining high-quality fiber. Traditional water retting is effective because bacteria that are 

present secrete pectinolytic enzymes; filamentous fungi producing pecti- nase are more important in dew 

retting. A commonly used technique to improve fiber separation is chemical processing with sodium 

hydroxide or diluted sulphuric acid. Steam explosion is a poten- tial technology that has been experimentally 

applied to hemp (Garcia-Jaldon et al. 1998). Material separated into crude phloem fiber bundles is the raw 

material, and this is subjected to steam under pressure and increased temperature, which “explodes” 

(separates) the fibers so that one has a more refined (thinner) hemp fiber that currently is only available 

from water retting. The high tempera- ture and moisture soften the fibers and hydrolyze the pectins and 

hemicellulose, so that there are both mechanical and chemical changes associated with steam explosion.   

 

 



 

Still additional potential methods that have been considered to augment or replace traditional retting 

include ultrasonic techniques, enzymatic retting (Pakarinen et al. 2012), and the use of selected or 

improved decay microorganisms (Tamburini et al. 2004; Thygesen et al. 2005; Valladares Juárez et al. 2009; 

Di Candilo et al. 2010). 

As mentioned previously, removal of the cortex (the tissue external to the desired phloem fiber) by retting 

is a key initial step in fiber extraction. “Decortication” (the term not referring to the cor- tex tissue) refers to 

a mechanical force (bending, shearing, impacting, or kinking) that separates the high-quality, flexible, outer 

phloem fibers from the low-quality, stiff, and more brittle woody fibers (hurds) in the internal part of the 

stem. In traditional hemp processing, the long fiber was separated from the internal woody hurds in two 

steps, breaking (stalks were crushed to loosen the adherence between the internal hurds and the external 

long fibers; this was accomplished in the past with mechanical tools but in more recent times by using rollers 

that broke the woody core into short pieces) and scutching (mechanical beating to remove the hurds). These 

mechanical forces can separate not just most of the hurds but also the short (secondary phloem) fibers 

(“tow”) and long (primary phloem) fibers (“line fiber,” “long-line fiber”). A single, relatively expensive 

“decorticator machine” can carry out all of these processes. 

For highest-quality fiber (generally for clothing), as shown in Figure 7.19, hemp needs not only to be 

scutched (removal of most of the hurds from the phloem fiber) but also hackled (“hackles” are steel 

“brushes” traditionally used to separate the fibers; see Figure 7.20). Hackling additionally combs the fibers, 

making them align in parallel, and removes remaining pieces of stalks, broken fibers, and extraneous 

material. However, mostly for nontextile applications, cruder alternatives may be employed to produce a 

less pure grade of fiber. This involves production of “whole fibers” (i.e., harvesting both the long fibers from 

the cortex and the shorter fibers from throughout the stem) and technologies that utilize shortened hemp 

fibers. The approach is currently dominant in Western Europe and Canada and commences with field dew 

retting (typically two to three weeks). A princi- pal limitation is climate—the local environment should be 

suitably but not excessively moist at the close of the harvest season. Once stalks are retted, dried, and baled, 

they are processed to extract the fiber. In general, in the European Union (EU) and Canada, fibers are not 

separated into tow and line fibers but are left as “whole fiber.” Based on experience in the EU, where the 

“fiber line” prod- uct may contain 2%–25% hurds that were not separated, the production of 1.0 kg of fiber 

product produces 1.7 kg of separated hurds as a by-product (Carus et al. 2013). In the EU, the bast fiber sells 

for about twice the value of the hurds (Carus et al. 2013). In the EU, highly purified fiber (with only 2%–3% 

hurds) is employed for automotive applications (described later), while the less purified fiber (with 25% hurds) 

is used in cigarette paper. In Western Europe, the fiber is often “cottonized,” i.e., chopped into short 

segments the size of cotton and flax fiber, so that the fibers can be processed on flax processing machinery, 

which is very much better developed than such machinery is for hemp. 

 

 

FIGURE 7.19 Raw  cleaned  hemp  fiber  (the  thread-like  materials  are  bundles  of  primary  hemp  fibers; cf. Figure 7.14c). Photo by Rasbak 

(CC BY 3.0). 



 

 

 

 
 

FIGURE  7.20   A hackle employed for aligning and cleaning raw hemp fiber. In general, hackles are combs   or boards with long steel teeth for 

dressing fiber plants. Photo by CVB (CC BY SA 3.0). 

 

 

 

HOW DOMESTICATION HAS ALTERED CANNABIS SATIVA FOR FIBER 
PRODUCTION 

Fiber hemp  plants, in contrast with C. sativa plants grown for  marijuana or  oilseed, and also  in contrast 

with wild plants, have been selected for features maximizing stem fiber production. Selection for fiber has 

resulted in strains that have much more primary phloem fiber and much less woody core than encountered 

in marijuana strains, oilseed cultivars, and wild plants. Fiber varieties may have less than half of the stem 

made up of woody core, while in nonfiber strains, more than three-quarters of the stem can be woody 

core (De Meijer 1994a). Moreover, in fiber plants, more than half of the stem exclusive of the woody core 

can be fiber, while nonfiber plants rarely have as much as 15% fiber in the corresponding tissues.  Also 

important is  the fact  that in fiber selections, most of the fiber can be the particularly desirable long 

primary fibers (De Meijer 1995a). 

Since the stem nodes tend to disrupt the length of the fiber bundles, thereby limiting quality, tall, 

relatively unbranched plants with long internodes have been selected. Another strategy has been to select 

stems that are especially hollow at the internodes (Figure 7.21, right), with lim- ited hurds, since this 

maximizes the production of long phloem fiber (although the decrease in woody tissues makes the stems 

less resistant to lodging by wind).  

 



 

Similarly, limited seed pro- ductivity concentrates the plant’s energy into production of fiber, and fiber 

cultivars often have low genetic propensity for seed output. Selecting monoecious strains overcomes the 

problem of differential maturation times and quality of male and female plants (males mature one to three 

weeks earlier). Male plants in general are taller, albeit slimmer, less robust, and less productive (although 

they tend to have superior fiber). Except for the troublesome characteristic of dying after anthesis, male 

traits are favored for fiber production. In former,  labor-intensive  times,  the male plants were harvested 

earlier than the females, to produce the best fiber. Fiber strains have been selected to grow well at 

extremely high densities, which increases the length of the internodes (contributing to fiber length) and 

increases the length of the main stem (contributing to fiber bundle length) while limiting branching (making 

harvesting easier).  The high density of stems also contributes resistance to lodging, desirable because 

woody supporting hurd tissue has been decreased by selection. The limited branching of fiber cultivars is 

often compensated for by possession of  large leaves  with wide leaflets, which increase the photosynthetic 

ability of the plants. 

 
 

 
 

FIGURE 7.21 Cross-sections of stems at internodes of a fiber plant (right) and of a marijuana plant (left).  Fiber cultivars have stems that are more 
hollow at the internodes, i.e., with less woody tissues, since this allows more energy to be directed into the production of phloem fiber. 
 

 

Since fiber plants have not generally been selected for drug purposes, the level of intoxicating constituents 

is often limited, usually much less than 1%. However, some hemp strains grown in subtropical Asia (where 

fiber hemp is a very minor crop and the strains are mostly unimproved land races with fiber content below 

20%) are of variable tetrahydrocannabinol (THC) content and may have a content of THC as high as 3%. 

 

FIGURE 7.22 Artist’s concept of resurrected traditional paper and clothing uses of hemp fiber. Drawn by Flahey. 



 

ECONOMIC PRODUCTS 

Clothing and paper are the traditional hemp consumer products, and these are mostly obsolescent, although 

there are attempts to resurrect these items for niche and boutique markets (Figure 7.22). However, as 

presented in the following, a variety of quite new applications have revived the hemp fiber industry. 

 

Textiles, Fabrics and Clothing. 

“Textiles,” “fabrics,” and “clothing” refer to sheets of fiber networks prepared by weaving, pressing (to make 

felts), or bonding; none of these ambiguous terms necessarily distinguishes woven from nonwoven  products. 

Although quite expensive,  hemp clothing and other woven  products (Figures 

7.23 and 7.24) have a natural appeal to a sector of the population that considers them desirable sim- ply 

because hemp seems to be an especially sustainable crop or because purchasing hemp goods is viewed as 

a way of expressing approval of marijuana. Hemp clothes are resistant to abrasion but are typically abrasive 

because of relatively coarse and nonhomogeneous fiber bundles and so have been used historically for outer 

garments and work apparel (Bócsa and Karus 1998) and, sadly, for prisoners and slaves. However, 

appropriate processing and blending with other natural fibers can significantly improve the “feel” of hemp, 

and sources in China supply hemp textile blends indistin- guishable from fine linens in texture. 

 

 

FIGURE 7.23 Hemp clothing and other woven textile products. 
 

 

FIGURE 7.24 Elegant hemp shoe. Photo by Cannabis Culture (magazine) (CC BY 2.0). 



 

 

Hemp fiber sufficiently cleaned of hurds to be suitable for textiles (“textile grade fiber”) is produced 

primarily in China and to a smaller extent in France and several east European countries. Weaving of hemp 

fiber into textiles and apparel is primarily done in China. Production of fine hemp fabrics is insignificant in 

the EU and North America. Outside of China, processing costs are higher than for other fibers, because 

hemp fibers vary from the standard specifications for length and diameter estab- lished for the equipment 

used in most textile and apparel factories, necessitating the use of specialty machines. The hemp apparel 

industry outside of China is based on fiber, yarn, and fabrics imported from eastern Europe and China. 

China’s established extraction technology and  spinning facilities, to say nothing of much lower labor costs, 

make it very difficult to develop a hemp  textile industry in Europe and North America. The fact that 

spinning facilities for natural fibers are so concentrated in China makes it almost impossible  to 

competitively  produce hemp fabrics  elsewhere.  In theory, a domestic hemp textile industry could be 

established outside of China, by developing specialized harvesting, processing, spinning, and weaving 

equipment and perhaps new technologies. In practice, China controls the hemp textile market and probably 

will remain dominant for the foreseeable future. In addition to textiles used in clothing, coarser woven cloth 

(canvas) made with hemp is used for upholstery, bags, sacks, and tarpaulins. Such products can be 

manufactured from a relatively crude grade of hemp fiber without weaving. In both the EU and North 

America, there is production of nonwoven, relatively coarse fabric-like materials (e.g., Figure 7.25) using 

hemp fiber. Needle punch carpets (made by using barbed needles to assemble a web of compacted, 

interlocked fibers) are usu- ally constructed today with synthetic fibers, but there is interest in using hemp 

fiber. Alternatively, the fibers in nonwoven carpets can be held together by thermosetting methods. 

Composites using hemp in combination with other natural fibers, postindustrial plastics, or other types of 

resins are being used to produce nonwoven matting for padding (for example, for mattresses and 

futons), backing for woven carpets, sound insulation, lining of cribs and pens for young livestock, and other 

applications. 

Since European cultivation of hemp is substantial, there is fairly extensive production of such nonwoven 

products in the EU. However, hemp is grown mostly for oilseed in Canada (hence in North America), so a 

nonwoven hemp industry is much less developed. Stemergy (originally Hempline), in Ontario, Canada, the 

first firm to grow hemp for commercial purposes in North America since the Second World War (starting 

with experimental cultivation in 1994), specializes in the production of hemp fiber for upholstery and 

carpeting, and several other Canadian enterprises are also interested in hemp primarily as a fiber rather 

than as an oilseed. 

 

 

 

FIGURE 7.25 Multipurpose, nonwoven matting, fabricated from hemp. (Photo by E. Small, sample provided by Kenex Ltd., Pain Court, Ontario.) 
 

 

 



 

Substrates for plant growth 

Horticultural Planting Media 

Plants are often grown initially from seeds germinated in porous, water-retaining material used as 

substitutes for soil (fertilization is of course necessary) and then transplanted to regular soil. Some crops, 

such as cress, are raised to maturity in soilless materials. Peat is the most widely used organic substrate. Plant 

wastes, rockwool, and synthetic materials are also used. In recent years, hemp fiber has been added to this 

market niche. 

Biodegradable Mulch 

“Mulch” refers to material layered onto a soil surface to improve growth of plants (by conserving moisture, 

either lowering soil temperature or retaining heat, improving soil fertility and health,  and preventing weed 

growth) or simply to enhance visual appearance. Common friable or granular mulch materials include 

compost, bark chips, wood chips, and gravel. Pulverized hemp hurds are sometimes used as a mulch but are 

not competitive for this purpose. 

Unlike the materials discussed in the previous paragraph, mulches can also be continuous, and plastic 

sheeting is common for this purpose. At present, the main ground-covering, sheet-like mulches are polymeric 

(polythene, spun-blown polypropylene), but some are made of glass fiber or natural fibers. Both woven and 

nonwoven fabrics can be used; woven and knitted materials are stronger and the open structure may be 

advantageous (e.g., in allowing plants to grow through), but nonwovens are cheaper and better at suppressing 

weeds. Sheet-like mulches made from fibers, whether woven or not, are widely used for crops and are 

sometimes referred to as “agricultural textiles” and “geotextiles” (although “textiles” are usually understood 

to be woven). “Mulch fleece” (pressed, nonwoven fiber blanket) is sometimes made of hemp fiber and is 

popular in the EU marketplace (Carus et al. 2013). 

Flax and hemp fibers exposed to water and soil have been claimed to disintegrate rapidly over the course 

of a few months, which would make them unacceptable for products that need to have long- term stability 

when exposed to the elements. Coco (coir; Cocos nucifera L.) fiber has been said to be much more suitable, 

due to higher lignin content (40%–50%, compared to 2%–5% in some bast fibers). Coir is much cheaper than 

flax and hemp fibers. However, this evaluation does not do justice to the developing hemp mulch market. 

The degree of rot resistance of hemp fiber makes its use in ground matting desirable for certain applications 

because the ability to last outdoors for many years is frequently undesirable. For example, the widespread 

current use of plastic netting to reinforce grass sod is quite objectionable, the plastic persisting for many 

years and interfering with lawn care. 

 

Cordage Products 

String and rope manufactured from hemp (Figure 7.26) are available from specialty outlets, but except for 

certain applications, hemp cordage is largely obsolete. Hemp ropework is used to make hemp hammocks, 

which are popular, and take advantage of the natural strength, water resistance, and decay resistance of 

hemp fiber. Hemp fiber is sometimes employed to make biodegradable twine to replace plastic ties used to 

attach plants to supporting poles. 

 

 

 

 



 

Pressed  and  molded  fiber  products 

Molded and pressed (nonwoven) natural fiber products, with or without the addition of bonding media, are 

extensively used for a wide range of applications (Figure 7.27). While many different fibers can be used, hemp 

fiber (both phloem and hurd) has become a significantly basic resource in Europe. 

 

 

 
 

FIGURE 7.26 Hemp cordage. 

 

FIGURE 7.27 Molded and pressed fiber products. Left: C-class Mercedes-Benz automobiles have more than 30 parts made of natural fibers, 

including hemp. (Courtesy of Daimler.) Right: Interior carpeting of a car door made with a biocomposite of hemp fiber and polyethylene. Photo 

by Christian Gahle, Nova-Institut GmbH (CC BY SA 3.0). 
 

 

Paper  and  specialty  pulp  products 

The oldest surviving paper is over 2000 years of age, comes from China, and was made from hemp fiber 

(Fleming and Clarke 1998). Egyptian papyrus sheets might be thought to be an older form of paper but are 

not “paper” as this term is understood by experts because the fiber strands are woven, not “wet-laid” (Van 

Roekel 1994; Van Roekel et al. 1995). Until the early nineteenth century, hemp and flax were the chief 

paper-making materials. Wood-based paper came into use when mechanical and chemical pulping were 

developed in the mid-1800s in Germany and England. Today, at least 95% of paper is made from wood 

pulp. Before then, paper was made from rags, most commonly hemp rag. Using hemp directly for paper 

was considered too expensive, and in any event, the demand for paper was far more limited than today. In 

1769, an early North American newspaper, the Boston Newsletter, encouraged people to recycle their rags 

for the manufacture of paper with this poem: 

Rags are as beauties, which concealed lie, But when in paper how it charms the eye, Pray save your rags, new 

beauties to discover, For paper, truly, everyone’s a lover. 

By the pen and the press such knowledge is displayed, As wouldn’t exist if paper was not made. 



 

 

 

 
 

FIGURE 7.28 Left: Hemp paper products (writing paper, notebook, envelopes). Right: Hemp cigarette paper, the most profitable paper product 

currently manufactured from hemp. 

 

“Specialty pulp” is the most important component of the hemp industry of the EU (Karus and Vogt 2004) 

and is expected to remain important. In France, a large market for high-quality paper, predominantly 

cigarette paper (Figure 7.28, right), has developed; such paper is completely free of the intoxicating resin, so 

there is no possibility of inhaling cannabinoids. Other specialty pulp prod- ucts made from hemp are bank 

notes, technical filters, hygiene products, bible paper, art papers, and tea bags. Several of these applications 

take advantage of hemp’s high tear and wet strength. In Europe, decortication/refining machines are 

available that can produce 10 tons/hour of hemp fiber suitable for such pulp use. Capacity for hemp pulp 

production and value-added processing is limited outside of Europe. Although specialty pulp has a large 

market in the EU, Carus et al. (2013) caution that no economic expansion is expected and the market is risky 

because wood pulp with specific additives could be substituted. 

Hemp paper is useful for specialty applications such as currency and cigarette papers, where strength is 

needed. The bast fiber is of greatest interest to the pulp and paper industry because of its superior strength 

properties compared to wood. Hemp core fibers are generally considered too short for high-grade paper 

applications (a length of 3 mm is considered ideal), and too much lignin is present. While the long bast fibers 

have been used to make paper almost for two millennia, the woody core fibers have rarely been so used. 

However, the short, bulky fibers found in the inner part of the plant (hurds) could probably be used to make 

cheaper grades of paper, provided that appropri- ate technology was developed (De Groot et al. 1998). 

The pulp and paper industry based on wood has examined the possible wider use of hemp for pulp, but 

only on an experimental basis. The long phloem fibers of hemp do have technical prop- erties that make 

them desirable for strengthening paper (Correia et al. 2003). The possibility of growing hemp specifically for 

a resurrected hemp-based paper industry has been examined (De Meijer 1993; Capelle 1996), and there have 

been attempts to clarify the genetics of characteristics that would improve the use of hemp for paper 

(Hennink 1994). Hemp’s long fibers could make paper more recyclable. Since virgin pulp is required for added 

strength in the recycling of paper, hemp pulp would allow for at least twice as many cycles as wood pulp. 

However, various analyses have concluded that the use of hemp for conventional paper pulp is not profitable 

(Lewis et al. 1948; Fertig 1996; Selkirk and Spencer 1999; Lisson and Mendham 2000a). Hemp is not 

competitive for newsprint, books, writing papers, and general paper (grocery bags, coffee cups, napkins), 

although there is a specialty or novelty market for those specifically wishing to support the hemp industry by 

purchasing hemp writing or printing paper despite the premium price (Figure 7.28, left). In Europe, hemp 

pulp is about five times as expensive as wood pulp (Carus et al. 2013). 

Hemp paper is high-priced for several reasons. Economies of scale are such that the supply of hemp is 

minute compared to the supply of wood fiber. Hemp processing requires non-wood-based processing 

facilities. Hemp paper is typically made only from bast fibers, which require separation from the hurds, 

thereby increasing costs. This represents less than 50% of the possible fiber yield of the plant, and future 

technologies that pulp the whole stalks could decrease costs substantially. 



 

 

Hemp is harvested once a year, so that it needs to be stored to feed mills throughout the year. Hemp stalks 

are very bulky, requiring much handling and storage. 

Transportation costs are also very much higher for hemp stalks than for wood chips. Waste straw is widely 

available from cereals and other crops and, although generally not nearly as desirable as hemp, can produce 

bulk pulp far more cheaply than can be made from hemp. In addition to agri- cultural wastes, there are vast 

quantities of scrub trees that can supply large amounts of low-quality wood fiber extremely cheaply. 

Moreover, in many areas unsuitable for agriculture, fast-growing trees can be grown, and such agro-forestry 

can be very productive and environmentally benign. And, directly or indirectly, the lumber/paper industry 

is politically powerful, able to stimulate sub- stantial subsidies and/or supports, which is most unlikely for 

hemp. 

A chief argument that has been advanced in favor of developing hemp as a paper and pulp source has been 

that as a nonwood or tree-free fiber source, it can reduce harvesting of primary forests and the threat to 

associated biodiversity. It has been claimed that hemp produces three to four times as much useable fiber 

per hectare per annum as forests. However, Wong (1998) notes evidence that in the southern United States, 

hemp would produce only twice as much pulp as does a pine plantation. It remains true, however, that hemp 

and other annual bast crops can be a potential lumber substitute in areas lacking trees (cf. Chapter 16). 

 

Building and Construction products 

The classic fable of the Three Little Pigs is based on houses that they built, respectively, of straw, sticks, and 

bricks. A big bad wolf was able to blow down the houses made of straw and sticks but not the brick house. 

While the fairy tale is intended to instruct young children about the value of hard work to produce 

worthwhile creations, it does not do justice to the construction value of “wood” and “concrete” 

manufactured from hemp straw (Figure 7.29). As discussed next, hemp straw is invalu- able for producing 

excellent construction materials for buildings. 

 

 

 

 

FIGURE 7.29  Humorous representation of the strength and durability of hemp-based construction. Prepared by B. Brookes. 



 

 

Construction Wood Products (Pressboard, Moldings) 

In North America, particleboards and fiberboards, which generally contain less than 10% adhesive or matrix, 

are sometimes referred to as composites. Wood is the principal material used in sheet composite board 

(particleboard, pressboard, and oriented strand board such as Aspenite or Sterling board), but nonwood 

fibers are also employed. Flax, jute, kenaf, hemp, and wheat straw are used for this purpose. Wheat straw is 

the dominant nonwood fiber in such applications. Although it might seem that long hemp phloem fibers are 

desirable in composite wood products because of their length and strength, in fact, the short fibers of the 

hurds have been found to produce a superior product of appreciable strength (Nikvash et al. 2010; Figure 

7.30). However, hemp fiberboard is more expen- sive  than wood particleboard and so is questionably 

competitive. Hautala et al. (2004) fabricated  a plywood-like composite from hemp fiber strips and epoxy 

resin, and this equalled plywood in strength, but once again, plywood made with wood is cheaper. In China 

and the EU, small amounts of particleboard based on hemp hurds are marketed. 

 

Concretized and Masonry Construction Products (Stucco, Building Blocks, Tiles) 

Utilizing the ancient technique of strengthening clay with straw to produce reinforced bricks for constructing 

domiciles, plant fibers have found a number of comparable uses in modern times. Today, polypropylene or 

glass fiber is often employed to reinforce cement and plaster. Similarly, hemp fibers added to concrete 

increase tensile strength while reducing shrinkage and cracking. Fiber-reinforced cement boards and fiber-

reinforced plaster are other occasionally produced experi- mental products. Whole houses have been made 

based on hemp fiber. Hemp bast fibers are produced at much more cost than wood chips and straw from 

many other crops, so the use of cheaper hemp hurds is appropriate. 

The uses noted in the previous paragraph are based on hemp simply as a mechanical strengthener 

dispersed within a matrix of a material. Much more significantly, hemp can be chemically combined with 

materials. For example, hemp with gypsum and binding agents may produce light panels that might compete 

with drywall. Hemp and lime mixtures make a high-quality plaster. Hemp hurds are rich in silica (which occurs 

naturally in sand and flint), and the hurds mixed with lime undergo mineralization (“petrification”) to 

produce a stone-like material. Using the bast fibers in addition to the hurds does not seem to increase the 

strength of hemp–lime concrete, which in any event is relatively weak; hemp–lime formulations typically 

have about 5% of the compressive strength of residential grade concrete and requires load-bearing 

supplements (De Bruijn et al. 2009); however, mechanical properties increase with the mortar density 

(Elfordy et al. 2008) and hemp–concrete blocks can be self-supporting. Hemp–lime concrete weighs only 

about 15% as much as concrete (it can float on water), is easier to handle, lacks the brittleness of concrete, 

and does not need expan- sion joints. Table 7.1 indicates some advantages of hemp–lime technology in 

comparison with con- ventional construction of buildings. A big advantage is that producing hemp–lime 

concrete requires about half the energy needed for equivalent quantities of cement and masonry (Balatinecz 

and Sain 2007). Hundreds of houses have been built in Europe, Asia, and North America using hemp–lime 

construction (note Figure 7.31). Several guides to building with hemp have been published (Bevan and 

Woolley 2008; Benhaim et al. 2011; Allin 2012; Stanwix and Sparrow 2014). Hemp–lime con- struction has 

economic and environmental benefits (Bevan and Woolley 2008; Ip and Miller 2012; Duffy et al. 2013). The 

mineralized material can be blown or poured into the cavities of walls and in attics as insulation. The 

foundations, walls, floors, and ceilings of houses have been made using hemp hurds mixed with natural lime 

and water. Sometimes, plaster of Paris (pure gypsum), cement, or sand is added. The resulting material can 

be poured like concrete but has a texture vaguely remi- niscent of cork—much lighter than cement and with 

better heat and sound-insulating properties. Hemp–lime stucco can be sprayed onto surfaces (Figure 7.32). 

Experimental ceramic tiles made of hemp have also been produced (Figure 7.33), which are noticeably 

warmer to the touch than con- ventional tiles and so are ideal for bare feet on bathroom floors. 

 



 

 

 

FIGURE 7.30 Fiberboard sample made with hemp. Photo by E. Small, sample supplied by K. Domier, University of Alberta, Edmonton. 

 

 

TABLE 7.1 

Pros and Cons of Hemp–Lime Construction 

Advantages                                                                                                                       Disadvantages 

 

Construction 

Simpler construction than traditional timber frame                                                        Short construction season 

  Homogenous material facilitates airtightness and provides an 

ideal surface to plaster

                   Long drying time 

Low risk of thermal bridging Labor-intensive construction 

  No risk of insulation slumping within the wall leaving 

uninsulated air voids

                           Inexperience of contractor can cause 

                                         complications; some care and training required 

Low-skilled construction method                                                                                       Limited best practice protocols for inexperienced users 

 

Performance 

Good thermal performance Damping of temperature fluctuations 

   Breathable wall contributes to humidity regulation and passive control of internal environment 

Reasonable acoustical performance Excellent fire resistance 

Structural 

  Additional stiffness provided to timber frame construction; alkaline environment protects against wood rotting 

  Lighter construction makes foundation of building less extensive and thus more ecological 

Environmental 

Low embodied energy Storage and transport of high volumes of materials required 

  Excellent recyclability of waste materials as well as end of life building recyclability 

 

Source: After Duffy, E., Lawrence, M., Walker, P., Civil Environ. Res., 4, 16–21, 2013. 
 



 

 

 

 

 

FIGURE  7.31 Hemp–lime blocks (made with a mixture of woody hemp core [hurds], lime binders, and  water) in building construction. (a) Hemp–

lime block. Photo by Scott Lewis (CC BY 2.0). (b) A building in the Philippines with walls constructed of prefabricated hemp–lime blocks (public 

domain photo). (c) Hemp–lime blocks utilized as insulation on the exterior of standard wood-frame construction. Photo by Olivier DuPort (CC BY 

3.0). 

 

 

 

 

FIGURE 7.32 Spray application of hemp–lime composite to a building. Photo courtesy of Steve Alin. 

(a) 

(b) (c) 



 

 

 

 
 

FIGURE 7.33 Hemp “ceramic tile.” Photo by E. Small, tile furnished by Kenex Ltd., Pain Court, Ontario. 

 

Animal bedding based on Hurds 

The woody core (i.e., the hurds or shives) of hemp is highly absorbent and spongy and so makes remarkably 

good animal bedding, and indeed, such usage traces back more than a century (Dewey 1916; Dewey and 

Merrill 1916). The hurds appear to be unsurpassed for horse bedding and also make an excellent litter for  

cats and other pets (Figure 7.34). It has been claimed that the Queen of England’s pampered horses sleep 

on hemp. The hurds can absorb up to five  times their weight in moisture (typically 50% higher than wood 

shavings), do not produce dust (following initial dust removal), and are easily composted. Hemp bedding is 

especially suited to horses allergic to straw. In Europe, the animal bedding market accounts for about half of 

all sales of hurds (Carus et al. 2013). Because hemp hurds are a costly product, and animal bedding is in very 

high demand, this will likely remain the most important application of the hurds. The high absorbency of 

hemp hurds has led to their occasional use as an absorbent for oil and waste spill cleanup. Hemp as an 

industrial absorbent has generated some interest in Alberta, for use in land reclamation in the oil and gas 

industry. 

 

 

FIGURE 7.34 Animal litter/bedding made from hemp hurds (woody stem tissues of hemp). Photo by Salix  (CC BY 3.0). 



 

 

Plastic  Biocomposites 

With respect to fiber, a “composite” is often defined as a material consisting of 30%–70% fiber and 70%–30% 

matrix (Bolton 1995). After sisal, hemp is the most widely used natural fiber to reinforce composites (Shahzad 

2012). This paragraph addresses plastic-type composites (“fiber-reinforced plastic” or “fiber-reinforced 

polymers”). Fibers are introduced into plastics to improve physical properties such as stiffness, impact 

resistance, and bending and tensile strength. Manmade fibers of glass, Kevlar, and carbon are most 

commonly used today, but plant fibers offer considerable cost savings along with comparable strength 

properties. “Natural fiber polymer composites” contain much more polymer (“plastic”) than traditional 

wood-based fiberboard do, often 50%, and although more expensive, they are also more versatile (Balatinecz 

and Sain 2007). Although hemp composite plastics are considered to be innovative today, in fact, until the 

1930s, hemp-based cellophane, cel- luloids, and other products were common. 

There is a substantial market for hemp fiber plastic composites in the EU, where automobiles account for 

about 15% of the hemp fiber produced (Carus et al. 2013). The market for hemp fiber  in North America is 

small, but much of the limited crop is used for plastics in automobiles. Natural fibers in automobile 

composites are used primarily in press-molded parts (“compression molding” is accomplished by applying 

pressure and usually heat to material in a confined cavity). There are two widespread technologies. In 

thermoplastic production, natural fibers are blended with fibers of mate- rial like polypropylene and 

polyethylene. Most commonly, this mixture is formed into a (nonwoven) mat, which is pressed under heat 

into the desired three-dimensional form. In thermoset production, the natural fibers are soaked with binders 

such as epoxy resin, polyester resin, or polyurethane, placed in the desired form, and (along with heat and 

pressure) allowed to harden through polymer- ization. Thermoplastics are easier to recycle (Bourmaud and 

Baley 2007) and are often used where limited structural strength is required. A wide range of thermoset 

resins are under development that are compatible with hemp fiber, and because some of these are plant 

based (derived from soy, canola, or corn), it will likely be possible to produce hemp-based biocomposites that 

are made 100% from plants. Resin-transfer molding, a process to produce thermoset-resin-based reinforced 

composites of all shapes and sizes (Sèbe et al. 2000), is often employed for high-stress products such as 

furniture and boats. Hemp has also been used in other types of thermoplastic applications, including injection 

molding (material in a fluid state is forced under pressure into the cavity of a closed mold). Injection molding 

is particularly useful for creating a variety of hemp plastic products. Extrusion molding (in which heated or 

unheated plastic is forced through a shaping die to produce a continuous form such as a film, sheet, rod, or 

tube) is an additional possibility, but not yet common. The characteristics  of hemp fibers have proven to be 

superior for production of molded composites (Lu and Korman 2012). In European manufacturing of cars and 

trucks, natural fibers are used in plastic door panels, dashboards, instrument panels, seat backs, package 

trays, arm rests, sun visors, passenger rear decks, trunk liners, and window pillars. It has been estimated that 

5–10 kg of natural fibers can be used in the molded portions of an average automobile (excluding upholstery). 

The demand for automobile applications of hemp is expected to increase, depending on the development of 

new technologies (Carus et al. 2013). At present, in the EU automobile biocomposite industry, hemp has 

about a 15% market share, in competition with flax, jute, kenaf, and sisal fibers (Carus et al. 2013). 

American industrialist Henry Ford (1863–1947), in advance of today’s automobile manufactur- ers, 

constructed a car with body components made of resin stiffened with hemp and flax fiber. The car was able 

to withstand 10 times the impact of an equivalent metal panel but never entered general production 

(Shahzad 2012). Ford’s use of hemp has been emulated by other car companies (Figure 7.35). Rather ironically 

in view of today’s parallel situation, Henry Ford’s hemp innovations in the 1920s occurred at a time of crisis 

for American farms, later to intensify with the depression. The need to produce new industrial markets for 

farm products led to a broad movement for scientific research in agriculture that came to be labeled “Farm 

Chemurgy” (Hale 1934) that today is embod- ied in chemical applications of crop constituents. 



 

 

 

 
 

FIGURE  7.35 Lotus Eco Elise, body constructed of hemp plastic composite, introduced in 2008. Car photo  by Stuart Chapman. (CC BY 2.0; 

hemp background added by B. Brookes.) 
 

Of course, all other types of transportation vehicles from bicycles to airplanes can use the hemp plastic 

technology pioneered by the automobile industry. Natural fibers have considerable advan- tages for use in 

conveyance (Carus et al. 2013) because of low density and weight reduction, favor- able mechanical, 

acoustical, and processing properties (including low wear on tools), no splintering in accidents, good energy 

absorption, occupational health benefits (compared to glass fibers), no off-gassing of toxic compounds, and 

price advantages. 

There is also considerable potential for a variety of industries producing consumer goods to adopt the use 

of hemp-based plastics in the manner that the automobile industry has demonstrated is feasible. Hemp 

plastic products can be manufactured to meet needs for hardness, density, heat resistance, and 

biodegradability, and abilities to be ground, milled, planed, and drilled. Goods that have been generated to 

date include furniture (especially seats and the backs of chairs), molded basins, recreational products, 

dishware, jewelry, sporting goods (notably surfboards, skateboards, and snowboards), musical instruments, 

and luggage. 

 

Compressed  Cellulose  Plastics 

Most hemp plastics are composites, combining hemp fiber and synthetic thermoplastics. However, it is 

possible to manufacture plastics using only cellulose. Cellulose makes up about a third of all vegetable 

material, and indeed, this natural polymer is a principal component of most plastics. In the absence of resin 

adhesive material, mechanical pressure is important so that the material in 100% cellulose plastic is self-

binding. The cellulose content of hemp fiber is quite high (about 70%), making it a suitable starting material. 

Plastics made of pure hemp cellulose are relatively expensive and are currently used for high-end items (see 

Figure 7.36). 

 

 

 



 

AGRONOMY 

Security Requirements 

Security regulations for cultivating hemp in most Western countries are usually stringent and represent a 

significant cost. Depending on jurisdiction, such requirements may involve the use of approved cultivars 

obtained from authorized sources, secure fencing and storage facilities, careful maintenance of records, 

governmental inspections, sampling to ensure material has insignificant levels of THC, and personnel free of 

recent criminal records. The legislative burden that accompa- nies the cultivation of industrial hemp puts 

the crop at a unique disadvantage, and it is a tribute to its value that it can be profitably grown. Likely as it 

becomes more evident that current regulations are needlessly demanding, the regulatory framework will 

become more tolerable. 

 

 

 
 

FIGURE 7.36 Products manufactured from compressed hemp cellulose. (a) Hemp board samples. (b) Guitar (hemp cellulose body by AWS Zelfo, 
body form by Drum Param). (c) Table (design: Elise Gabriel). Photos provided by Richard Hurding, Zelfo Technology. 

 

 

General  Growth  requirements 

In most respects, domesticated forms of C. sativa have narrower physiological tolerances to stresses than 

their wild-growing counterparts do (as discussed in Chapter 3). Nevertheless, the considerable plasticity of 

wild C. sativa that allows it to survive in inhospitable environments is also evident in domesticated plants of 

the species. Cultivated forms of C. sativa can be grown over a wide range of agro-ecological conditions. 

The physiology of fiber Cannabis has been extensively studied (see Van der Werf [1994a] and Van der Werf et 

al. [1996] for extensive analyses). Both wild and cultivated plants that grow for many generations in a 

particular location tend to evolve adaptations to their local climates, and these adaptations may make a 

given biotype quite unsuitable for a foreign location. 

As detailed in Chapter 5, induction of flowering in most populations of C. sativa is controlled by relative 

length of light from day to day, and it is essential to employ planting stock that will mature in time for harvest 

according to the local light/dark regime. 

The soil and climate requirements of fiber hemp have been said to be comparable to those of wheat 

(Ranalli 1998). Generally, temperate, mild, relatively cool conditions are best, and the crop is usually grown 

in areas with humid atmospheres and a rainfall exceeding 65 cm, with rainfall especially available in the early 

growing season. Given that marijuana strains are often grown in semitropical and/or very dry regions, and 

indeed that such strains have been historically occasion- ally used for multiple purposes, including fiber and 

oilseed, it is clear that C. sativa has the potential to be grown for fiber in areas beyond its traditional 

production regions. The following discussion is based mostly on cultivars suitable for temperate areas. 

 

 

(a) (b) (c) 



 

Root Growth 

Bócsa and Karus (1998) summarized the growth characteristics of domesticated hemp (which are much like 

those of wild hemp, described in Chapter 3) in response to soil compaction and moisture. The primary root 

can grow down to depths of 3.0 m, and from it secondary roots can extend as much as 80 cm. Porous, dry 

soils encourage downward penetration of the primary root, while com- pacted and/or wet soils discourage 

deep growth. Amaducci et al. (2008d) studied root performance of two hemp cultivars. They found that the 

highest root density occurred in the top 10 cm of soil, butbsome roots penetrated as deeply as 2 m. The ratio 

between aboveground and belowground biomass was 5.46 (in contrast, Bócsa and Karus 1998 reported that 

the root mass of fiber hemp contributes a much smaller proportion: only 8%–9% of the plant’s entire 

biomass). Male plants have a weaker root systems, in parallel to their less robust shoots. According to Bócsa 

and Karus (1998), in contrast to most crops, in early growth fiber hemp shoots grow so fast that they place 

stronger demands for water and nutrients on their more slowly developing roots, explaining the considerable 

need for high levels of water and nutrient availability. 

 

Soil  and  fertilisation 

Ideal soils for hemp are fertile, friable, noncompacted, medium-heavy loams, including silty loam, clay loam, 

and silty clay (Ranalli 1998). Higher clay content tends to reduce yields. However, sandy soils provide limited 

fertility and are drought-prone, and the needed fertilization and irrigation may make production 

uneconomical. Soils should be neutral to slightly alkaline, the pH between 5.8 and (5.8 to 7.0 is ideal according 

to Bócsa and Karus 1998). Abundant organic matter, particularly livestock manure, is particularly beneficial 

(however, soils high in peat are unsuitable). Although manure is not much used today in growing hemp, 

Maiden (1894) wrote that “The quantity of manure necessary will depend on the richness and warmth of the 

soil and upon the climate. In England 10–25 tons rotten dung to the acre [22–56 tonnes/ha] is not considered 

too much.” 

Cannabis requires a rich supply of nutrients for good growth, and fertilizer is generally needed. 

Fertilization rates have spanned wide ranges in the past, probably mostly based on intuition rather than 

determination of need and response. Ehrensing (1998) compiled the following ranges based on a variety of 

reports throughout the world (kg/ha)—nitrogen (N): 40–200; phosphate (P2O5): 30–120; and potash (K2O): 

0–200. Soil analysis prior to sowing is recommended to assist in deter- mining rate of fertilizer application. 

Analysis of nutrient concentration in leaves of fiber hemp has been employed to assist in assessing nutrient 

requirements (Iványi and Izsáki 2009; Iványi 2011). Up to 110 kg/ha of nitrogen, up to 80 kg/ha phosphate, 

and up to 90 kg/ha of potash may be appro- priate. It has been pointed out that soils that grow corn (maize) 

well have appropriate fertility for hemp, although hemp reportedly requires less fertility, needing 

approximately the same fertility as a high-yielding crop of wheat. 

Most annual domesticated crops have been bred to be nitrophiles, with the capacity to utilize large 

amounts of nitrogen for productive growth (Emerich and Krishnan 2009). Modern agriculture in fact is, to a 

considerable degree, based on the creation of crops that can utilize nitrogen fertil- izers. The “Green 

Revolution” of the middle of the last century greatly increased agriculture pro- duction, especially in the 

developing world, by selecting new cultivars that are especially capable and efficient at using nitrogen 

fertilizers (Borlaug 2000). As discussed in Chapter 3, wild C. sativa is a natural nitrophile, thriving in well-

manured substrates and stripping soils readily of nitrogen. The nitrogen requirements of fiber hemp have 

been extensively studied (Van der Werf et al. 1995c; Struik et al. 2000; Amaducci et al. 2002a; Vera et al. 2010; 

Prade et al. 2011). Cultivars are typically fertilized with nitrogen at a rate of 100 kg/ha/season (Bócsa and 

Karus 1998), which is higher than the recommended rates for some modern high-yielding field crops.  

 



 

Uniformity of stems is desirable for harvesting and processing, and excessively high levels of nitrogen 

fertilization (200 kg/ha) have been observed to increase variability of height and weight of hemp stems 

compared to moderate (80 kg/ha) nitrogen rates (Van der Werf et al. 1995c). Another undesirable 

consequence of too high nitrogen fertilization is decreased content of bark fiber (Van der Werf et al. 1995b). 

Bócsa and Karus (1998) stated that fiber hemp has a substantial need for phosphorus throughout the 

season, in part to effectively utilize nitrogen, but also to contribute to the elasticity and tensile strength of 

the fiber cells and bundles. 

Bócsa and Karus (1998) also pointed out that fiber hemp has a substantial need for potassium, especially 

in midseason, when the fibers are rapidly developing. Potassium fertilization of fiber hemp was studied by 

Finnan and Burke (2013), who found that frequently recommended rates are between 140 and 230 kg K/ha 

depending on soil type and soil potassium level. However, these authors concluded that potassium 

requirements are lower than for many other crops and suggested that an optimal potassium fertilization 

strategy for soils with moderate to high levels of potassium (>70 mg/L) is to simply restore, after harvest, 

the preharvest level. 

 

Water  relations 

It has long been known that cultivars of C. sativa can tolerate hot, arid conditions, provided that the roots 

are adequately supplied with water (Dewey 1914). Regular rainfall, especially during the first six weeks after 

seeding, is extremely beneficial. Soils should be well drained but capable of providing sufficient capillarity 

movement of water from lower depths to the surface. Wet, flooded, or waterlogged soils are very poorly 

tolerated (young plants up to three weeks or so are very sensi- tive to wet soils and flooding). Large-scale 

cultivation of hemp has generally been conducted in areas with sufficient rainfall that irrigation is 

unnecessary. Soil should be moist when the seeds  are planted, and irrigation may be required until 

germination has occurred (usually within three days after sowing). Industrial hemp is sensitive to drought 

and needs ample moisture throughout the growing season, especially during the first six weeks of its growth, 

and it may be necessary to irrigate to keep the soil moist. European experience indicates that 50–70 cm of 

rainfall is needed during the season, although Lisson and Mendham (1998) stated that the literature suggests 

a range of 25 to 60 cm annually, depending on climate. Although well-rooted plants endure drought rela- 

tively successfully, severe droughts dwarf the crop and hasten flower and seed production. Lisson and 

Mendham (1998), based on studies in Tasmania, found that water extraction by the roots was mostly 

confined to the upper 80–90 cm of the soil but occasionally went down to at least 140 cm. 

In Chapters 12, 13, and 18, the indica type marijuana group is discussed (which is not suitable for fiber 

production). This is established in the arid area of Afghanistan and western Turkmenistan, and when strains 

from this region are grown in high-humidity climates, their dense flowering tops retain moisture and 

succumb to “bud mold” caused by Botrytis cinerea and Trichothecium roseum (McPartland et al. 2000). There 

are land races employed for fiber production in the same areas from which indica type strains originated, and 

these are likely also unsuitable for fiber production in areas of high humidity. 

 

Temperatures 

Cannabis is well suited to warm temperate regions, although it can grow in a range of temperatures. The 

species tolerates heat well but not cold. Cultivated plants grow best between 14°C and 27°C but tolerate both 

colder and warmer conditions. The warmer range promotes growth (Van der Werf et al. 1995b). Optimal 

temperatures for photosynthesis (which is not necessarily reflective of best tempera- tures for growth) vary 

from 25°C to 30°C, depending on variety. (Chandra et al. 2011b did not find evidence of differences between 

drug and fiber varieties.) Optimal temperature for hemp germina- tion has been reported as 24°C, and this 



 

rather elevated temperature reflects a crop that is generally not planted early in the season because the 

seedling develops slowly at low temperatures. Seeds of cultivars tend not to germinate well until the ground 

is warm (preferably at least 10°C). However, the seeds will germinate at temperatures as low as 0°C and as 

high as 45°C, and often, fiber hemp has been planted as soon as the danger of a hard frost has passed. 

Seedlings and mature plants are resistant to light frosts of short duration. Seedlings can sometimes survive 

short exposures to −8°C to 

−10°C (Bócsa and Karus 1998), but the plant is best adapted to an extended frost-free season. Mature plants 

endure light frosts (as cold as −5°C to −6°C), but not a hard frost or long-continuing tempera- tures around 

freezing. Van der Werf (1993), summarizing Russian literature on temperature toler- ance, noted that: sowing 

is recommended when soil temperatures are 8°C–10°C; hemp seedlings have been observed to survive short 

frosts as low as −10°C; before flowering, hemp has been observed to survive frosts as low as −6°C; and a frost 

of −1°C at flowering decreases seed yield and seed quality. 

 

There is little information available on comparative cold adaptation of cultivars from different latitudes, 

but possibly those that have been grown for many years in northern locations are relatively tolerant. 

Grigoryev (1988) discussed the ecology of hemp cultivated under the short-season, cold conditions of central 

Russia, where the crop has been raised near the northern limit of agriculture (about 66° N latitude): from 

Arkhangelsk to Mezen to the Pechora River (Ust-Tsilma) to Tobolsk Province, Surgut (61° 17'N), and on the 

Kolyma River (Verhnekolymsk, at 65° N, 153° E). The cold tolerance of germinating seedlings of Russian 

varieties described by Grigoryev is noteworthy: some are capable of germinating at 1°C, withstanding frosts 

of −1°C for 2 weeks and up to −15°C for 24 hours without damage (much more extreme tolerance than 

recorded elsewhere). For many Russian fiber cultivars, frosts of about −7°C are tolerated, even when the soil 

is quite moist, but once the stage of flowering is reached, low extended temperature delays growth and frost 

can destroy the plant. Grigoryev suggested that hemp could be grown as a winter crop, although it is 

universally sown in the spring, not the fall. 

 

Seed Germination 

Germination of domesticated seeds typically takes three to seven days, and is more or less simul- taneous, 

since dormancy has been selected against. However, old seed can germinate somewhat irregularly, and 

seeds planted at different depths may also tend to produce seedlings at different times. Hemp seeds 

scattered in the field during harvesting sometimes produce volunteer seedlings in the fall, which are killed 

by cold (seedlings may also be produced in the spring, and those can survive to maturity). This reflects the 

lack of dormancy in domesticated C. sativa. Janischevsky (1924), who extensively studied wild hemp in 

southern Russia, never observed fall-produced seed- lings. Temperatures for germination were discussed 

earlier in this chapter. As noted in Chapter 3, light has been reported to be a partial inhibitor of germination. 

Seeds germinate readily in the dark (Haney and Kutscheid 1975), and commercial seed is generally planted 

1–2 cm (sometimes to 4 cm) deep, sufficient for considerable shading, but also useful for moisture 

availability. After imbibition of water, the radicle (primary root) expands, the hypocotyl (base of the shoot) 

emerges, and the cotyledons (primary leaflets) unfold above soil level (Mediavilla et al. 1998). The initial 

growth of the radicle can be quite rapid—up to 10 cm in 48 hours. 

 

 

 



 

Maintaining seed viability in storage 

For commercial hemp production, the longevity of fresh seeds decreases fairly rapidly to about 70%–

80% after two years of storage in a sheltered but otherwise uncontrolled climate, and if not planted at 

least by then, it is often recommended that they be discarded. In commercial practice, a minimum 

germination percentage of 85% to 90% has been recommended (Bócsa and Karus 1998). There has been 

considerable study of the storage factors influencing the viability of seeds of domesticated hemp. As 

reviewed in the following, low temperatures (just above 0°C) and low humidity both prolong seed 

longevity. Kondo et al. (1950) found that hemp seeds stored for 19 years with the desiccant calcium chloride 

germinated, indicating the importance of controlling humidity. Crocioni (1950) studied seed moisture, 

temperature, air, and light in relation to the longevity of hemp seeds of the Carmagnola variety stored at 

Bologna, Italy, for 3.5 years. He found that seed moisture and temperature were the most important 

factors, while air (oxygen availability) and diffused light instead of darkness were of uncertain influence. A 

temperature a few degrees above 0°C and a low seed-moisture content, up to 8.6%, were judged best for 

preserving germination capacity. Seeds of 10%–15% moisture content kept at high temperatures rapidly 

lost their germinating capacity. Seeds stored at low temperature retained satisfactory germination for 16 

months, whatever the moisture content, and so did seeds of about 8% moisture content stored at or below 

27°C. Seeds stored longer than 16 months retained viability better at a seed-moisture content of about 6% 

than did seeds with a higher moisture content stored at a low temperature. Toole et al. (1960) studied 

germination of Kentucky hempseed (much of which was of Italian origin). They reported that seeds stored 

at 5.7% moisture and 21°C did not decrease in germination after six years; seeds at 9.5% moisture main- 

tained full viability for 5.5 years at both 0°C and −10°C. Lemeshev et al. (1995) outlined plans for storage of 

Cannabis seeds at the Vavilov Research Institute Gene Bank in St. Petersburg, Russia, the largest 

germplasm collection of Cannabis seeds in the world. For their active collection (referred to as a working 

collection), used for short-term purposes of reproducing and distributing seed, the policy was to store the 

seeds at about 15°C and 10% moisture content. For “medium-term storage” (up to 10 years), collections 

were stored at 4°C–6°C and 7% moisture content. For long-term storage (10–20 years) the storage 

temperature was −20°C, and the moisture content was 6%. 

Additional but less detailed reports on temperature and moisture requirements for conservation of 

germination capacity of hemp seeds are Laskos (1970), Demkin and Romanenko (1978), and Parihar et al. 

(2014). 

 

Small and Brookes (2012) summarized practical aspects of hemp seed viability as follows. 

 

• To maintain the germinability of seeds of C. sativa, they should not be stored under the ambient 

conditions usually encountered in the high-humidity areas where hemp is typi- cally produced. 

• Maintaining C. sativa seed at a moisture content of 5% to 8% is sufficient to retain substan- tial 

germinabilty for at least six years. A lower moisture content does not seem to improve germinability 

over this time interval. 

• Maintaining C. sativa seed at a temperature of 5°C is sufficient to retain substantial ger- minability 

for at least six years. A temperature of −20°C can improve germinability, but not greatly. 

• For commercial storage of C. sativa seed in a viable state for one to several seasons, the most 

economical investment would usually be drying the seed, at least to 8% but preferably to 6% moisture 

content and maintaining this level. Where this is difficult, seed should be kept refrigerated, at least 

at 5°C for periods of up to several years, but at lower temperatures for periods of the order of 10 years. 

• For long-term scientific or germplasm banking of C. sativa seed in a viable state for up to a decade, 

a moisture content of 6% coupled with a storage temperature of −20°C is suf- ficient. Whether more 

extreme conditions would be of benefit for a longer period has not been determined. 

• Although the presence of oxygen hastens seed deterioration of some species, which can therefore 

profit from storage in an atmosphere such as nitrogen gas (thus excluding oxy- gen), C. sativa seeds 



 

do not seem to benefit from such treatment. 

 

Planting  Requirements 

A well-tilled, fine, level, firm seedbed promotes uniform germination. The soil bed should be free of weeds 

and debris. Seeds are usually sown at a depth of 10 to 30 mm, the deeper figure appropri- ate for drier soils 

(as noted in Van der Werf 1993, in dry seedbeds, hempseed has been planted up to 5 cm deep). However, 

shallower depths promote soil warming, and more rapid emergence and establishment. Soils with a large 

clay content are inappropriate, but if nevertheless used, shallower planting may be desirable if rain is 

expected that could crust the upper layer, making seedling emergence more difficult. Larger seeds can 

probably withstand deeper depths better that small seeds. Use of a roller at sowing may assist germination 

by facilitating good contact between seed and soil. Seeds are normally sown in rows spaced from 7 to 20 cm 

apart, using seed drills. The optimal rate of sowing at any one location depends on variety and local 

environmental conditions. Fiber strains are typically sown at a minimum rate of 250 seeds/m2  

(approximately 45  kg/ha),  and up to three times that density is sometimes recommended. For fiber 

production, sowing rates vary from 40 to 150 kg seed/ha; in Western Europe, seeding rates are generally 

50 to 70 kg/ha. 

 

 
 

TABLE 7.2 

Seeding Rate for Industrial Based on Seed Size and Density 
 

Weight (g) of Seeding Rate (kg/ha) Seeding Rate (kg/ha) Seeding Rate (kg/ha) Seeding Rate (kg/ha) 

1000 Seeds to Get 100 Seeds/m2
 to Get 150 Seeds/m2

 to Get 200 Seeds/m2
 to Get 250 Seeds/m2

 

10 10 15 20 25 

12 12 18 24 30 

14 14 21 28 35 

16 16 24 32 40 

18 18 27 36 45 

20 20 30 40 50 

22 22 33 44 55 

24 24 36 48 60 

26 26 39 52 65 

Source: After Baxter, W.J., Scheifele, G. 2009. Growing Industrial Hemp in Ontario, Ontario Ministry of Agriculture and Food, 

Toronto, ON, Canada, 2009. http://www.omafra.gov.on.ca/english/crops/facts/00-067.htm. 
 

 

The planting rate should be higher if germination is low (although seed less than 85% viable should be 

discarded) or on poor soils (which should be avoided), and large seeds may require a heavier planting rate 

(see Table 7.2). In any event, seed density recommendations from the supplier should be followed. 

Extensive studies have been conducted on the effects of planting density. The seeding rate strongly 

influences the yield and quality of fiber produced by the crop. Van der Werf et al. (1995a) found that the 

proportion of stem in the total dry matter increases with increasing plant density, which is desirable. Another 

desirable result of higher density is that stands produce thinner stems with a higher percentage of bast fiber 

and less woody core, i.e., a higher bark-to-core ratio (Van der Werf 1991). Moreover, the fineness of the bast 

fiber increases at higher densities, which con- tributes to fiber quality for spinning purposes (Jakobey 1965). 

However, excessively high densities waste seeds (Amaducci et al. 2002b) and can be counterproductive. Fiber 

plantations typically have 200–250 plants/m2, but plant densities between 80 and 400 plants per square meter 

have been found  to have little effect on either total biomass or stem dry matter yield, and excessive seeding 

rates result in self-thinning, i.e., high mortality of smaller plants (Van der Werf et al. 1995a,c).  

http://www.omafra.gov.on.ca/english/crops/facts/00-067.htm


 

Mechanical harvesting and industrial processing of fiber hemp usually benefit from uniform size and 

diameter of stems, and high densities can increase the variability of stem sizes, which is undesirable (Van der 

Werf and van den Berg 1995). 

In Europe, dual-purpose crops of hemp, grown for both fiber and oilseed, are planted at row spacings 

from 20 to 40 cm, 20 seeds/m within the row, considered sufficient to suppress weeds. Higher plant densities 

are more effective at weed suppression (Hall et al. 2014; Jankauskienė et al. 2014), but planting density is 

designed mainly to maximize yield, not minimize weeds. 

 

Rotations 

Hemp has been and continues to be grown sometimes on the same land for several years in suc- cession. 

However, most agricultural species benefit by alternating with several different crops in sequence over a 

period of years (usually three to five), and the same is true for C. sativa. Rotation tends to promote soil 

fertility and reduce diseases. Often, some crops complement each other in rotations, and frequently a 

particular sequence is best. Hemp is typically rotated with cereals and major vegetables. It particularly 

benefits from following a nitrogen-enriching legume crop, espe- cially alfalfa or clover (soybean is less 

beneficial). 

 

Wind, rain, and hail damage 

Wind, rain, and hail can damage tall crops, especially if their stems are weak. The very tall, slim stems of 

fiber hemp are subject to lodging from wind, but are grown at such high densities that sur- rounding plants 

provide support, usually preventing significant damage. Advanced oilseed cultivars are usually relatively short 

(so less subject to wind damage) and grown at lower densities (so more susceptible to wind), but lodging is 

usually not a problem, and in any event, plants that are bent over can often still be productive. Heavy rain 

and hail can damage foliage of fiber cultivars, but rarely the stems. 

 

Pests 

All plants are susceptible to a wide range of “herbivores” or “pests” (collectively including ani- mals, 

microorganism pathogens, and weeds), and crops grown as monocultures are usually sub- ject to extensive 

damage from certain species. For several major crops, losses due to pests can exceed 50% (Oerke 2006). 

Cannabis sativa is attacked by a wide diversity of insects and diseases. McPartland (1997a,b, 1998b) and 

McPartland et al. (2000) provide authoritative reviews of hemp diseases and pests, and the most significant 

problems are mentioned here. McPartland (1998a) pointed out that the frequent claim that hemp is “pest-

free” is inaccurate; rather, hemp is “pest- tolerant.” As a crop, C. sativa is remarkably resistant to many 

pests. Indeed, Kok et al. (1994) demonstrated that fiber hemp suppresses three major soil pathogens: the 

fungus Verticillium dahlia and the root-knot nematodes Meloidogyne hapla and M. chitwoodi. Significant 

weed, insect, and disease problems are rare for fiber hemp, and it is generally grown without the use   of 

postplanted (after-seeding)  herbicides,  insecticides, and above-ground fungicides. There are a few 

problems with pest mammals and birds, which as discussed later, can be serious predators of the seeds. 

Susceptibility of C. sativa to pests and diseases differs according to circumstances of cultiva- tion. For 

example, fiber crops are grown in very dense plantations and the raised humidity around the stalks increases 

infections of fungal diseases; as well, the dense canopy is protective of many insects. By contrast, both drug 

and oilseed crops are grown in open rows, and the increased sunlight is attractive to flea beetles and birds. 

Presumably, susceptibility of wild populations also changes with plant density. Susceptibility also differs 

according to genetic background of the plant, for example, between fiber and drug cultivars. 



 

 

Weeds 

Weed management prior to planting is required as hemp does not establish well in competition with other 

plants. Planting hemp too early, when weeds can outcompete it under cold conditions, is unde- sirable. 

Similarly, an unexpected cold spell can give weeds the opportunity to establish in a hemp stand. For fiber 

hemp, which is always densely grown, the developing canopy closes in five to seven weeks, eliminating the 

need for subsequent weed elimination. 

 

Higher Plant Parasites 

Two vascular plant parasitic genera occur on Cannabis: broomrape (Orobanche) on the roots and dodder 

(Cuscuta) on the stalks and branches. Branched broomrape (O. ramosa L., also known as hemp broomrape) 

is the most significant vascular plant parasite of hemp, while O. aegypticaca Persoon and O. cernua Loefling 

have also been recorded on hemp (McPartland et al. 2000). Broomrape is a formidable pest in Europe. It 

spends most of its life cycle hidden underground, and each plant can produce up to 500,000 dust-like seeds 

that are sticky and adhere well to the seeds of C. sativa (McPartland et al. 2000). The Canadian Seed Growers 

Association regulations concerning hemp state that the presence of broomrape in industrial hemp crops is 

cause for refusing pedigreed status and forbid the cultivation of pedigreed hemp seed on land that has 

grown tobacco during the last three years (tobacco is an alternate host of broomrape). Several species of 

dodder have also been found on hemp, with Cuscuta campestris most frequently recorded on cultivated and 

wild C. sativa in North America (McPartland et al. 2000). 

 

Mammalian Pests 

Domesticated mammalian grazers, especially cattle, horses, and goats, have been observed to nibble small 

amounts of cultivated hemp, but they do not cause significant damage (McPartland et al. 2000). Wild 

mammals, including deer, rabbits, raccoons, rats, field voles, mice, and groundhogs (wood- chucks) have 

caused significant feeding damage to hemp (McPartland et al. 2000). Woodchucks espe- cially are capable of 

causing great destruction to young plantations of hemp (McPartland et al. 2000). 

 

Birds 

Walter (1938) recorded that members of the crow family, such as magpies and jackdaws, are par- ticularly 

attracted to hemp in Europe. The extinct passenger pigeon (Ectopistes migratorius) was once a major pest 

of Kentucky hempseed fields (Allen 1980). Haney and Bazzaz (1970) noted that mourning doves (Zenaidura 

macroura) frequented hemp in Illinois and in southwestern Iowa, and hemp was found to be the most 

important food of mourning doves in Iowa by McClure (1943). Mourning doves are also very frequent visitors 

to hemp fields in southern Ontario. Bobwhite quail (Colinus virginianus) and ringtail pheasant (Phasianus 

colchicus) have also been observed to feed heavily on hemp seeds in the American Midwest (Robel 1969; 

McPartland et al. 2000). Hemp seeds improperly prepared without removal of the resin-rich perigonal bract 

can make birds giddy (Matsunaga et al. 1998). 

 

Insects 

Nearly 300 insect species have  been found to attack Cannabis, but few  cause significant dam-  age 

(McPartland 1996b, 1998a). Stems are the organs of value in fiber hemp, and stem borers are troublesome. 

The most damaging are the caterpillars of the European corn borer (Ostrinia nubi- lalis; see Chapter 6) and 

hemp borers (Grapholita dilineana and G. tristrigana), which eat much of the plant including the seeds.  



 

The corn borer is a specialist of Cannabis and the closely related genus, Humulus, and turned to corn only 

after maize was introduced to Europe (McPartland 1998a). Beetle larvae, particularly of the hemp flea beetle 

(Psylliodes attenuata), eat roots while the adults eat leaves and inflorescences. Adult weevils and curculios 

chew into leaves while the grubs feed  on the pith of stems and roots. The worst is the cabbage or hemp 

curculio, Ceutorhynchus rapae. Flower beetle grubs (Mordellistena micans, M. parvula) feed on various parts 

of hemp, and grubs of a variety of scarab beetles (e.g., the European chafer, Melolontha hippocastani) are 

also a prob- lem. Numerous other damaging species occur in North Temperate regions, and still more species 

are important in semitropical countries. European cultivars grown in nonnative environments have been 

observed to be attacked by a wide range of pests and diseases for which they have no resis- tance (Watson 

and Clarke 1997). Lago and Stanford (1989) catalogued phytophagous insects on a large plantation of high-

THC Cannabis in Mississippi. McPartland (1998b) discusses insects to be expected on cultivated hemp in 

Canada. 

 

Other Invertebrates 

Other animals that are significant herbivores of hemp include nematodes and slugs. Of these, nema- todes 

are capable of the greatest damage. Only about a half dozen nematodes have been recorded as causing 

significant damage on hemp, and for the most part, the greatest damage has been recorded in hot climates 

(McPartland et al. 2000). 

 

Fungi 

Fungi are responsible for most diseases of Cannabis, and the long stalks of fiber cultivars are espe- cially 

susceptible to stalk-canker fungi (McPartland 1996a, 1998b; McPartland and Cubeta 1997). 

McPartland (1998a) recorded 88 species of fungi (represented in the literature by over 400 names) and 

concluded that only a few cause economic losses. Of these, the worst is gray mold, Botrytis cinerea, which 

thrives in cool, humid conditions and can cause considerable damage in wet years (Van der Werf et al. 1996). 

Hemp canker (of the stem) is commonly due to Sclerotinia sclerotiorum and is usu- ally viewed as the second 

most important disease of hemp (Fusarium species and many other genera also cause stem cankers). Root 

rot of C. sativa is often due to Fusarium solani. Wilts are caused by Fusarium and Verticillium, and blights, 

leaf spot, and mildews of Cannabis are due to several fungi. Damping off of seedlings is also caused by a 

variety of fungi, but most by the oömycetes (not true fungi) of the genus Pythium. Seeds are sometimes 

treated with fungicides to reduce soil diseases. 

 

Bacteria 

Four bacteria are significant pathogens of C. sativa (McPartland et al. 2000), with one of these split into 

four “pathovarieties” (designated by pv.): Pseudomonas syringae pv. cannabina (causes bacte- rial leaf spot 

and bacterial blight), P. syringae pv. mori (causes “striatura ulcerosa”), P. syringae  pv. tabaci (causes 

wildfire), P. syringae pv. mellea (causes Wisconsin leaf spot), Xanthomonas campestris pv. cannabis (cause 

xanthomonas blight), Erwinia tracheiphila (causes bacterial wilt), and Agrobacterium tumefaciens (causes 

crown gall). 

Phytoplasma (mycoplasma-like organisms or MLOs) are specialized bacterial parasites of plant phloem 

tissues and transmitting insects (vectors), and a species of this has been found in C. sativa (Phatak et al. 

1975). 

 

 

 



 

Viruses 

Five viruses regularly infect European cultivated C. sativa (McPartland et al. 2000): hemp streak virus (HSV), 

alfalfa mosaic virus (AMV), cucumber mosaic virus (CMV), arabis mosaic virus (ArMV), and hemp mosaic virus 

(HMV). Aphids are the most important transmitters of viruses in C. sativa (McPartland et al. 2000). 

 

Harvest 

For a fiber crop, extensive experience has indicated that hemp is best cut in the early flowering stage or while 

pollen is being shed, well before seeds are set. However, later harvesting, when pollination is finished and 

the first seeds begin to ripen, has been practiced in some areas. Mediavilla al. (2001) documented that fiber 

yield reaches a maximum at the time of flowering of the male plants. Keller et al. (2001) experimentally 

demonstrated that a harvest time at the beginning of seed maturity facili- tates bast fiber extraction without 

reducing tensile strength, while harvesting after the flowering of the male plants results in reductions of 

fiber quantity and quality. Rather ignorantly, until 2001, EU regulations specified that, for purposes of 

subsidization, the crop could not be cut until the seed was 50% mature in form and size. The authoritative 

guide by Bócsa and Karus (1998) recommends harvesting at full flowering of male plants and at first 

appearance of flowers for female plants, as subsequent lignification reduces fiber quality. General advice 

regarding the best time to harvest monoecious fiber varieties has been contradictory, and it is advisable to 

follow the recommenda- tions accompanying particular cultivars. 

Putting tall whole plants through a conventional combine results in the straw winding around moving 

parts and the fibers working into bearings, causing breakdown, fires, high maintenance, and frustration. 

Especially on small acreages, crops are harvested with sickle-bar mowers and hay swathers, but plugging of 

equipment is a constant problem. Slower operation of conventional com- bines has been recommended 

(0.6–2 ha/hour). Large crops are ideally harvested with specialized equipment (e.g., Figure 7.37). 

Hemp has often been grown as a dual-purpose crop, i.e., for both fiber and oilseed. In France, the principal 

grower of dual-purpose varieties, the grain is taken off the field first with a combine, the cutting blade raised 

to leave most of the stalks for later harvest, and the seeds threshed. 

 

 

 
 

FIGURE 7.37 Specialized equipment required for harvesting tall C. sativa grown for stem fiber in France. Photo by Aleks (CC BY 3.0). 

 



 

Growing hemp to the stage that mature seeds are present compromises the quality of the fiber, because 

of lignification. As well, the hurds become more difficult to separate. The lower-quality fiber, however, is 

quite utilizable for pulp and nonwoven usages. In the EU, hurds are usually not completely separated from 

the phloem fiber (2% to 25% hurds are retained in the so-called “total fiber line,” depending on the 

application). 

 

Yields 

Reports of fiber yields in the literature often do not make clear whether the information is based on wet or 

dry weight (only the latter is appropriate), whether based on entire plant or stalk only, or whether the report 

deals with primary phloem (line, long) fiber and tow secondary phloem (short) fiber collectively or just the 

line fiber. About two-thirds of the weight of a dried plant (stalk + foli- age) is stalk. About one-fifth of dry, 

retted, defoliated stems is made up of phloem fiber (primary + secondary collectively). In Europe, dry matter 

yields have ranged from 5800 to 19,500 kg/ha, and dry stem yields from 5000 to 13,700 kg/ha. In North 

America, dry stem yields have varied between 2500 and 28,000 kg/ha (all of the preceding statistics based 

on Fortenbery and Bennett 2004). Struik et al. (2000) reported that hemp potentially can yield 25,000 kg/ha 

above-ground dry matter, 20,000 kg/ha stem dry matter, and 12,000 kg/ha cellulose. Salentijn et al. (2015) 

noted that yield of dry bast fiber varies from 1200 to 3000 kg/ha. Cellulose yield is usually 7000–10,000 

kg/ha (Zatta et al. 2012). In modern European cultivars, at harvest time (when most of the lower foliage has 

been dropped), the stems make up about 85% of the above-ground dry weight of the plant (Van der Werf et 

al. 1998). Figure 7.38 illustrates a typical breakdown of the composition of weight of a hectare of fiber hemp 

based on a fresh (green) weight of 40,000 kg and a dry stem weight yield of 10,500 kg. The hurds constitute 

about 70% of the stalk dry matter (Dang and Nguyen 2006), but generally, the hurd yield can be two to three 

times as much as the yield of bast fiber (five times as much, according to Dewey 1916). 

 

Green hemp plants 40 mt/ha–100% 

 

Green leaves 12,000 kg–30% Green stems 28,000 kg–70% 

 

 

Dry leaves 5000 kg–12.5% 

 

Dry unretted stems 10,500 kg–26.3% 

 

Dry retted stems 8800 kg–22.0% 

 

Hurds 4500 kg–11.3% Dry line fiber 1400 kg–
3.5% 

Dry tow 400 kg–1.0% 

 

Dry retted fiber 
1800 kg–4.5% 



 
 

FIGURE 7.38 Estimated fresh and air-dry weight of a hectare of fiber hemp, relative to living hydrated plant, showing relative composition of 

foliage, unretted stems, retted stems, line fiber (primary phloem fiber), and tow (secondary phloem fiber). After Dempsey, J.M., Fiber Crops 

University of Florida, Gainesville, FL, 1975, except that the yield of hurds has been added. 

 

Storage 

Harvested, dried, retted stalks are appropriately baled when dried to less than 15% moisture, and drying 

should continue during indoor storage until moisture content is about 10%. In the Old World, retted stalks 

have often been stored outdoors. However, moisture can be wicked up from bare ground (possibly even from 

gravel floors), affecting quality. Buyers generally demand bales of given sizes and may require avoiding 

polyester and plastic twines since these will contaminate manufactured products. 

 

BREEDING 

“Breeding” as a term may simply mean sexual reproduction, but here it refers to creating (usually by selection) 

new variations of a plant that increase its usefulness for humans. Plant breeding is carried out by several 

techniques, outlined in the following. Modern plant breeding in Europe has produced several dozen hemp 

fiber strains, although by comparison with other fiber crops, there are relatively few described varieties of 

hemp. Since World War II in Europe, breeding has been concerned most particularly with the development 

of monoecious varieties. Breeding for fiber qualities of C. sativa has been reviewed by Salentijn et al. (2015). 

“Mass selection” is probably the oldest and most widely practiced method of selection for out- breeding 

crops like C. sativa. The seeds of what appear to be relatively desirable plants are used to propagate the 

next season’s crop, with the result that over several years, the characteristics judged to have merit tend to 

become uniform. Landraces have evolved in this manner. The process tends to be slow. Because such 

selection tends to maintain the status quo, it is employed to maintain the purity of registered cultivars. 

“Individual selection” concentrates on evaluating the progeny from elite plants (those that appear to be 

champions with respect to desired traits). Once the superior progeny have been iden- tified, they can be 

used as breeding stock (involving controlled pollination) to generate a supply  of plants with superior traits. 

Because most of the characteristics of value in C. sativa can only  be evaluated after flowering has occurred, 

careful records need to be kept so that the breeder  will know which seeds to keep and which to discard. 

However, the German fiber hemp breeder 

G. Bredeman pioneered a technique (“Bredeman’s method”) that allowed breeders to evaluate the fiber 

merits of (at least male) plants before they flowered, so they could be used directly to gener- ate improved 

strains. He cleverly slit the vertical stems of male plants, removing half the stem   for fiber analysis, and 

allowing the other half (supported by a stake) to develop pollen. Only the male plants with the highest fiber 

content are permitted to pollinate the female plants. The seed from all the females are harvested, but only 

seed from the females with the highest fiber are used for additional breeding. Using this methodology, great 

gains in the productivity of fiber hemp resulted in Europe. 

“Marker-assisted selection” is based on selecting a “marker” that is linked to a trait that a breeder wishes 

to select. The markers may be morphological or chemical (especially protein) but are com- monly DNA tags 

identifying particular locations in the genome. This indirect selection process can dramatically improve the 

efficiency of selecting plants with desirable gene combinations. Markers can be employed to transfer single 

genes or to follow the inheritance of many genes. Marker-assisted selection is considered to have excellent 

potential for C. sativa (Mandolino et al. 1996; Mandolino and Ranalli 1998; Mandolino and Ranalli 2002; 

Mandolino and Carboni 2004). Genetic markers in C. sativa have been found for femaleness (Shao et al. 

2003) and maleness (Mandolino et al. 1999, 2002; Törjék et al. 2002; see Chapter 4). 



 

Hybridization followed by selection has long been the major tool of plant breeding to increase yield, vigor, 

and uniformity. So-called combination or pedigree breeding emphasizes the creation of cultivars by transfer 

of single genes or gene combinations, achieved by hybridization, backcrossing, and selection. 

“Heterosis breeding” is a combination of hybridization and selection that takes advantage of particularly 

desirable genetic partners. Hybridizing distantly related organisms tends to produce heterosis (hybrid vigor, 

sometimes related to preventing harmful recessive genes [alleles] from combining), the opposite of 

inbreeding depression (often related to harmful recessive genes being combined from both parents). In 

heterosis, an F1 hybrid tends to have an increase in some desirable characteristics (such as height, 

productivity, or disease resistance) compared to the mean of the same traits of its parents. Most European 

cultivars appear to share so much of a common genetic heritage that when they are mated heterosis does 

not develop, but when hybridized to East Asian cultivars, the hybrids do exhibit hybrid vigor (De Meijer 1998). 

Lyster H. Dewey of the U.S. Department of Agriculture (see his publications in the Literature Cited), who has 

been referred to as “the first hemp breeder” (Bócsa 1998), hybridized European and Chinese landraces to 

produce vigorous cultivars in the early twentieth century. 

“Hybrid cultivars” are not merely cultivars that are the result of past hybridization between dif- ferent 

biotypes (probably all cultivars of C. sativa hold this status); as explained in the following, they are the result 

of a specific marriage of parental strains or cultivars and must be generated anew each season. They are 

reminiscent of mules, the progeny of horses and donkeys, renowned for their endurance that exceeds that 

of their parents but themselves virtually unable to produce offspring. In modern crop hybrid cultivar 

breeding, the parents can be deliberately inbred, so that when they are mated, their genetic interaction in 

the F1 hybrid is especially desirable. Compatible combinations generally need to be determined by trial and 

error. Dewey (1927) may have created the first docu- mented intervarietal hybrid cultivars. When the plants 

within an F1 hybrid population are allowed to interbreed, genes determining their superior characteristics 

segregate and recombine and are so variable that they are of limited advantage to farmers. Accordingly, 

farmers must purchase certified hybrid seed every growing season from the breeder, who produces the seed 

by repeatedly crossing a given set of parents. Actually, “pseudohybrid” cultivars, many of them produced in 

France, are F2 hybrid populations. 

Several popular hybrid cultivars are mostly monoecious. These are produced by crossing female dioecious 

hemp (males are rogued out of the field) pollinated by monoecious hemp. 

Cultivars of many crops today are transgenic, the result of DNA recombination. In transgenic plants (more 

generally, genetically modified organisms), a desired “transgene” (coding for a useful trait) has been 

identified, isolated, cloned, and inserted. Feeney and Punja (2003) demonstrated the feasibility of transgenic 

hemp by transferring a gene encoding the enzyme phosphomannose isom- erase into hemp. 

Mutation breeding is based on exposing seeds to chemicals or radiation to generate mutants with 

desirable traits. If a mutated plant is produced, it can be hybridized with normal plants to transfer the altered 

gene. Tens of thousands of cultivars of various plants have been created. The technique does not seem to 

have been used to generate any commercial variety of C. sativa. 

Doubling the number of chromosomes of a crop plant has sometimes been found to make it more 

productive. Cannabis sativa normally has a somatic (diploid) number of 20 chromosomes (expressed as 2n = 

20) (Small 1972a). Doubling of chromosome number is most frequently achieved by exposing meristems 

(growing points) to a mitotic toxin. (Mitosis is the normal way that cells divide in two, each new cell receiving 

a full complement of chromosomes. The toxin, usually col- chicine, prevents normal division, so that the new 

cell receives all of the new chromosomes that normally would have been divided between two cells.) 

Tetraploid selections of C. sativa (i.e., with 2n = 40) have been generated frequently (e.g., Warmke and 

Blakeslee 1939; Zhatov et al. 1969; Sidorenko 1978). They proved to be fertile, with larger seeds and seed 

yields, but since their fibers were coarse and not as useful, they were abandoned (Bócsa 1998; Ranalli 2004). 

 



 

CULTIVARS 

Several dozen European fiber hemp cultivars make up the bulk of modern registered Cannabis cul- tivars (see 

Chapter 17). Most of these originate from European land races (De Meijer 1995a, 1995b, 1998). These were 

selected mostly for the temperate regions of Europe, and their photoperiod adap- tations are often 

unsuitable for more northern or southern regions. European cultivars appear to represent a relatively limited 

range of genetic variation. 

 

ECONOMIC STATUS 

More than 30 countries produce hemp crops. China, Canada, and France (in decreasing order) are the 

leading producers. Although China has virtually always been the largest producer, and hemp can be grown 

in most places in the country, the crop has nevertheless been minor in Chinese agri- culture (Wang and Shi 

1999). In Europe, the main producers are France, the United Kingdom, and the Netherlands. Recently, 

cultivation in Germany has decreased greatly. Italy had an outstanding reputation for high-quality hemp, 

but productivity has waned for the last several decades. Minor production of hemp for fiber still occurs in 

Austria, Russia, the Ukraine, Poland, Hungary, the countries of the former Yugoslavia, Romania, North Korea, 

Chile, and Peru. There has been recent interest in Australia and South Africa in cultivating hemp. 

Figure 7.39 shows twenty-first century global hemp yield by year, categorized by seed and fiber 

production. These data are based on Food and Agriculture Organization (FAO) statistics and are known to be 

incomplete (some countries have not reported information, and the reliability of some data is 

undetermined). FAO data for fiber production show a steady decline in worldwide production of hemp from 

1966 to 1990, with subsequent stabilization at a relatively low level compared to the past (Figure 7.40). 

Figure 7.41 reports acreage by year for the last two decades, for Canada, China, and the EU, the three 

largest areas of production (statistics for the latter part of the twentieth century are provided by Sponner 

et al. 2005). (The reliability of the Chinese data is undetermined. Since China is report- edly the world’s 

largest producer, the acreage shown in Figure 7.41 seems low.) Note that China and Europe have 

traditionally grown hemp primarily for fiber, whereas Canada grows hemp primarily for oilseed. “The 

increasing demand for fibers, seeds and cannabinoids in the medical field in recent years has led to a new 

record acreage of 22,000 ha cultivation area in 2015” (Michael Karus, regard- ing EU acreage, in Nova 

Institute Newsletter, June 2015). 

As noted earlier, hemp constitutes only about 0.3% of the world’s natural fiber production, excluding wood 

fiber. As shown in Table 7.3, the world value of hemp fiber is about 6% that of flax (the most comparable 

bast fiber), and about 0.05% that of cotton, the leading natural annual fiber crop. Curiously, all three of 

these crops are also important oilseeds.
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FIGURE 7.39 Yearly world production of hemp fiber and hemp seed, from 1999 to 2012. Based on FAOSTAT data 

(http://faostat.fao.org/DesktopModules/Admin/Logon.aspx?tabID=0), which are incomplete. 
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FIGURE 7.40 Yearly world production of hemp fiber from 1961 to 2012 (FAOSTAT data). 

 

 

MARKET DEVELOPMENT AND FUTURE NEEDS 

China has dominated fiber hemp production for millennia, largely for textile applications, mostly for clothing 

and other woven applications. Specialized harvesting, processing, spinning, and weav- ing equipment are 

required for preparing fine hemp textiles. The refinement of equipment and new technologies are viewed 

as offering the possibility of making fine textile production practical in  Western Europe and North America, 

but at present, China controls this market and probably will remain dominant for the foreseeable future. 

However, the future of fiber hemp development is likely based on alternative usages. Since the early 1980s, 

the EU provided considerable subsidization for the development of new flax and hemp harvesting and fiber 

processing technologies (because of the similarities of flax and hemp, the technologies developed for one 

usually are adaptable to the other). In addition, various European nations and private firms contributed to 

the development of hemp technologies. Accordingly, Europe is far more advanced in hemp development 

with respect to all fiber-based applications than other parts of the world, and harvesting and processing 

machinery for fiber hemp are highly advanced in Europe. France is the leading European country in fiber 

hemp cultivation. It remains to be seen whether Europe will continue to dominate in the application of 

nonwoven applications of hemp fiber and, indeed, whether hemp fiber will become more competitive in the 

future.

http://www.faostat.fao.org/DesktopModules/Admin/Logon.aspx?tabID=0


 

 

 

 

 

FIGURE 7.41 Acreage for the last two decades for China (based on FAOSTAT data), the EU (source: European Commission), and Canada (source: 
Health Canada, Office of Controlled Substances; the Canadian data refer to licensed acreage, not cultivated acreage, which is unavailable). 
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TABLE 7.3 

Comparison of World Gross Production Value (Constant 2004–2006, 1000 International $) of Hemp Fiber with Its Chief 

Competitor, Flax, and with the Leading Natural Annual Fiber Crop, Cotton 
 

Year Hemp Tow Waste ($) Flax Fiber and Tow ($) Cotton Lint ($) 

2000 13,268.80 248,240.11 26,453,159.46 

2001 12,778.49 293,647.48 30,122,510.10 

2002 17,771.98 368,689.12 26,991,342.79 

2003 15,886.71 370,852.88 27,823,265.26 

2004 16,562.23 477,793.49 35,059,563.58 

2005 17,898.03 475,695.28 34,981,211.11 

2006 25,771.76 312,188.00 34,943,970.60 

2007 17,537.40 255,183.66 35,825,750.15 

2008 16,230.72 248,941.39 32,138,649.77 

2009 18,138.52 180,409.89 29,868,117.11 

2010 18,440.45 148,833.05 33,896,488.68 

2011 18,648.86 148,597.71 37,306,419.46 

Mean 17,411.16 294,089.34 32,117,537.33 

Source: Data from FAOSTAT, http://faostat.fao.org. 
  

 

Currently, fiber applications of hemp are very limited because of competition with synthetic fibers and 

with other natural fibers. Hemp fiber can potentially replace other biological fibers in many applications and 

can sometimes compete with minerals such as glass fiber and steel. As forests diminish, cultivation of annual 

plants as fiber sources is likely to increase. While crop resi- dues like cereal straw will probably supply much 

of the need, specialty fiber plants such as hemp also have potential. Bolton (1995) formulated four conditions 

that should be met for hemp fiber to become more competitive: (1) the material should be produced at a 

large enough scale, (2) the price should be low enough, (3) the fiber characteristics should be adequate for 

the end use, and (4) proven technology should be available for the processing of the new raw material. Of 

these criteria only is adequately met at this time for hemp fiber to become truly successful in today’s 

marketplace. However, it should be remembered that hemp has only recently begun to be cultivated for 

fiber in most Western countries after an absence of many years, and it is premature to conclude that its 

future is limited. 

A principal roadblock to hemp fiber development is extraction technology. Hemp fibers are extracted by 

retting—by subjecting the stems to rotting, mostly either by exposure to humidity in the field or being 

submerged in water. The latter method produces superior fiber, but the water becomes chemically polluted. 

Such pollution is prohibited in most developed countries, but environmental regulations are lax in some 

places (notably China and some eastern European countries), where most of the world’s hemp fiber is 

produced. Since the 1990s, European countries have attempted  to produce nonpolluting fiber-extraction 

technologies, but these are not yet competitive, and hemp fiber has been successful in Europe in part 

because of considerable state subsidies. Bócsa and Karus (1998) observed that, “By and large, only EU 

subsidies make hemp cultivation a profitable venture under current economic conditions.” Horn (2010) 

noted that, “At present in the EU registered hemp fiber processors can receive a subsidy of approximately 

£60 t−1 of extracted fiber under the flax and hemp regime to provide additional income for their activities and 

support production.” 

http://www.faostat.fao.org/


 

 

 

Several conclusions can be drawn regarding the economic status of hemp, at least tentatively: 

 

1. Hemp is a niche crop, of relatively minor importance today, but one that stimulates consid- erable investment 

interest for diversification and product development. Hemp is likely to continue experiencing the risks 

inherent in a niche market for some time. 

2. Hemp is benefitting from the general reconsideration of the relative merits of synthetic fiber, wood fiber, 

and natural fibers that is occurring, generally favoring a greater usage of natural fibers for economic, product 

suitability, and environmental reasons. 

3. Since fiber hemp is basically a temperate-region crop, it competes less directly with tropi- cal bast crops 

such as sunn hemp, ramie, and jute and the semitropical kenaf, in compari- son to the considerably more 

competitive flax, which is also an annual-temperate-region bast crop. Lloyd and Seber (1996) compared the 

advantages and disadvantages of hemp, flax, and kenaf, and their analysis suggests that, overall, none is 

necessarily superior, and each crop is preferable depending on circumstances. 

4. Cannabis sativa has considerable potential as an oilseed crop. Canada has become the leading country of 

hempseed production since industrial hemp was reintroduced in 1998 (Blade 1998), and the EU is also 

growing more of this oilseed. Dual-purpose cultivars (harvested for both oilseed and fiber) compromise the 

two crops, and it remains to be determined which will become more profitable in the future. 

5. China, the world’s leading producer of hemp, has an established tradition of producing high-quality textile-

grade fiber and textile products. China’s hemp fiber industry has the advantages of cheap labor and 

tolerance of water retting, which is environmentally unac- ceptable in most of the West. New technology is 

being developed in Western nations to compete in this niche, but it is likely that China will remain dominant 

in the foreseeable future. 

6. The economic resurgence of hemp fiber in the marketplace is based on nontraditional usages, particularly 

in the production of a very wide range of pressed fiber and insulation products and plastics. The greatest 

success of hemp products has been in the automobile, construction, and agriculture industries. Market 

penetration has been prominent in the EU, in part because of subsidization (related to “green support” 

policies), but mainly because of superior characteristics of hemp fiber for particular applications. 

7. It is probable that industrial hemp cultivation will be resumed in the United States, although this remains a 

contentious issue. If this occurs, it is likely to result in a surge of production, applications, and development 

of fiber hemp and a substantial impetus to all aspects of the hemp industry. 

8. Research bearing on the agricultural production and technological exploitation of hemp fiber has been very 

active during the last decade and is critical to the growing success of hemp industries. 

 

CURIOSITIES OF SCIENCE, TECHNOLOGY, AND HUMAN BEHAVIOR 

• The oldest surviving paper is more than 2000 years of age, comes from China, and was made from hemp 

fiber. Egyptian papyrus sheets that might be thought to be an older form of paper are not “paper” as this 

term is understood by experts because the fiber strands are woven, not “wet-laid.” Until the early nineteenth 

century, hemp and flax were the chief paper-making materials. Wood-based paper came into use when 

mechanical and chemical pulping was developed in the mid-1800s in Germany and England. Today, at least 

95% of paper is made from wood pulp. 

• The Hmong are one of China’s largest minority ethnic groups (they are known as the Miao in China) and are 

also found in Thailand, Laos, and Vietnam. By tradition, they are laid  to rest in hemp garments (a common 

practice in China). Hemp must be used for funeral dress or the ancestors will refuse the dead person’s soul 

in the afterworld. Each son and daughter must give their departed parent hemp trousers or a hemp skirt to 

be worn in the coffin. Depending on the number of children, the deceased may be buried in as many as a 

dozen sets of clothing. 

• In ancient Japan, hemp was important in symbolic rites at Shinto shrines and Buddhist temples. Objects that 

had to be made of hemp included bell ropes as thick as legs and the noren—a short curtain that hangs over 

the doorways and brushes the top of the head as one enters the room, in order to cause evil spirits to flee 



 

 

out of the body (both of there are illustrated in Figure 12.11c). Priests generally dressed in hemp robes. 

Shinto priests and the faithful also used hemp in ceremonies. One such use was the waving of a gohei, a short 

stick with hemp fibers attached to the end. Shaking these sticks above someone’s head drove the evil spirits 

away. 

• Japanese martial artists, including Samurai warriors, dressed in hemp. In prebout ceremo- nies, the reigning 

Sumo wrestling grand champion carried a giant hemp rope around his ample girth to purify the ring and 

drive away evil spirits. 

• An old Japanese legend explains why the earthworm has rings around its body. There once were two women 

hemp weavers, who competed to make the best dress for an upcoming holiday. The fast worker had her 

dress ready on time, but the slow, careful one had only completed the neck of her dress, which she had 

decorated with whitish rings. The slow worker persuaded her husband to carry her in a large jar on his back, 

so that only her neck with the completed top of the dress was visible. When the two women met in a public 

mar- ket, the slow worker peeked out the top of the jar and mocked the quality of the dress of her competitor. 

A shrill argument resulted, and the agitated husband accidentally dropped the jar, revealing his almost 

naked wife. Ashamed, she buried herself in the earth so she would not be seen and turned into an 

earthworm, with rings around its body. 

• Hemp garments were more or less exclusively worn by wealthy Japanese more than a thousand years ago. 

Yukatabira—absorbent hemp bathrobes—were put on after soaking in hot springs. The cotton kimono was 

the common person’s version of these expensive bathrobes. 

• In an old Japanese religious tradition, rooms of worship were purified by burning hemp leaves by the 

entrance. This would invite the spirits of the departed, purify the room, and encourage people to dance. 

• Gigantic phalli representing deities were stationed beside roadsides in old Japan, especially at crossroads, to 

bar passage of malignant beings. Wandering pilgrims and travelers prayed at the foot of these monuments 

and were expected to leave small offerings of hemp leaves and rice to each one that they passed. 

• In Japanese traditional marriages, hemp was a symbolic gift of acceptance and obedience from the groom’s 

family to the bride. 

• In 1948, in occupied Japan, American General Douglas MacArthur (1880–1964) and his colleagues rewrote 

the Japanese constitution. They included a Hemp Control Act forbid- ding cultivation, totally wiping away 

several thousand years of hemp culture. 

• In Shinto belief, hemp symbolizes purity. Accordingly, when a new emperor ascends the throne of Japan, he 

is bound by tradition to wear hemp garments, and there must be a roll of hemp at the foot of the royal 

throne. Anticipating the ascent of a new emperor, a group of Shinto farmers planted an illegal hemp crop, 

and so when Emperor Hirohito died in 1989, they had material to make a new hemp robe for the new 

emperor. 

• Reminiscent of the Chinese tradition of using hemp as burial garments, in Norwegian folklore, hemp cloth 

symbolized the beginning and end of life and was used for clothing for both birth and burial. 

• In the Norwegian valley of Gausdal, people approaching a hemp field would respectfully lift their hats as a 

greeting to the vette, a nature spirit that lived there. 

• In eighteenth century Europe, the ends of slim hemp sticks were dipped in sulfur and used as matches. 

• The first and second drafts of the American Declaration of Independence were written on hemp paper. The 

final version was copied onto animal parchment and signed on August 2, 1776. The Magna Carta and the 

King James Bible were also written on hemp paper. 

• Hemp was so important in England in the sixteenth century that King Henry VIII (1491– 1547) passed an act 

in 1533 that fined farmers who failed to grow at least a quarter acre of hemp for every 60 acres of arable 

land that they owned. 

• In colonial America, citizens of several colonies were required by law to grow hemp. 

• In early America, hemp ropes were commonly used by hangmen to execute the condemned (Figure 7.42), and 

gallows humor often concerned hemp. A “hempen collar” was a hang- man’s noose. A “hempen widow” was 

the wife of an executed man. “To die of hempen fever” was a way of saying that a man had been hanged. In 

the Wild West, vigilantes were sometimes called “hemp committees,” and “sowing hemp” was a way of 

saying that some- one was on his way to being hanged. 

• The 1892 World’s Fair in Chicago featured hundreds of architectural “marble” columns that were actually 

made up of hemp and plaster of Paris. Today, similar cement-like mate- rials made of hemp and plaster of 

Paris are being used in house construction. 



 

 

• It has been claimed that hemp was the first “war crop.” In ancient China, land barons waged war against each 

other. Chinese archers made their bowstrings from bamboo fibers, until hemp’s greater strength and 

durability were discovered. Archers equipped with bowstrings made of hemp were at a great advantage, so 

Chinese monarchs set aside large portions of land exclusively for hemp for weapons. Ironically, as noted in 

this chapter, hemp was also a major war crop during the Second World War, when foreign supplies of fiber 

were cut off. Millions of tobacco smokers have been unaware that they have been smoking the canna- bis 

plant. Cigarette papers have widely employed some hemp fiber, its strength and wet- resistance making it 

ideal for the purpose. 

• It is frequently claimed that the earliest Levi jeans were made of hemp. The Levi Strauss Company has denied 

this, but the composition of early fabrics is uncertain, and the com- pany’s records in its San Francisco 

headquarters burned down during the earthquake fires in 1906. 

• Designer Giorgio Armani created an all-hemp tuxedo for actor Woody Harrelson for his attendance at the 

1997 Oscars (he was nominated for his performance in The People vs. Larry Flynt). 

 

 

 

 

FIGURE 7.42 The Great Hanging at Gainesville, Texas. During the American Civil War, in 1862, 41 sus- pected Unionists were hanged by 
Confederates, the largest mass hanging in the history of the United States. This illustration appeared in Frank Leslie’s Illustrated Newspaper, 
February 20, 1864. 

 


