WOODY PLANT PROLIFERATION IN DESERT GRASSLANDS: PERSPECTIVES FROM
ROOTS AND RANCHERS
by
Steven R. Woods
____________________________

A Dissertation Submitted to the Faculty of the
GRADUATE INTERDISCIPLINARY PROGRAM IN
ARID LANDS RESOURCE SCIENCES
In Partial Fulfilment of the Requirements
For the Degree of
DOCTOR OF PHILOSOPHY
In the Graduate College
THE UNIVERSITY OF ARIZONA
2014

2
THE UNIVERSITY OF ARIZONA
GRADUATE COLLEGE
As members of the Dissertation Committee, we certify that we have read the dissertation
prepared by Steven R. Woods
entitled Woody plant proliferation in desert grasslands: Perspectives from roots and ranchers
and recommend that it be accepted as fulfilling the dissertation requirement for the Degree of
Doctor of Philosophy.

_______________________________________________________________________

Date: 16 April 2014

Steven Archer
_______________________________________________________________________

Date: 16 April 2014

Charles Hutchinson
_______________________________________________________________________

Date: 16 April 2014

Diane Austin
_______________________________________________________________________

Date: 16 April 2014

Suzanne Fish
Final approval and acceptance of this dissertation is contingent upon the candidate’s submission
of the final copies of the dissertation to the Graduate College.
I hereby certify that I have read this dissertation prepared under my direction and recommend
that it be accepted as fulfilling the dissertation requirement.
________________________________________________ Date: 16 April 2014
Dissertation Director: Steven Archer

3
STATEMENT BY AUTHOR

This dissertation has been submitted in partial fulfilment of the requirements for an advanced
degree at the University of Arizona and is deposited in the University Library to be made
available to borrowers under rules of the Library.

Brief quotations from this dissertation are allowable without special permission, provided that an
accurate acknowledgement of the source is made. Requests for permission for extended
quotation from or reproduction of this manuscript in whole or in part may be granted by the head
of the major department or the Dean of the Graduate College when in his or her judgment the
proposed use of the material is in the interests of scholarship. In all other instances, however,
permission must be obtained from the author.

SIGNED: Steven R. Woods

4

ACKNOWLEDGMENTS
I am deeply grateful for all the help my committee has provided. Steven Archer gave invaluable
support and guidance throughout my PhD studies. I am fortunate to have had an advisor with
such a broad and deep knowledge of plant ecology and research, and can only hope that a small
proportion has somehow adhered to myself. Crucially, while keeping me on track with my
seedling ecology studies, he was always supportive of my attempts to carve out a somewhat
idiosyncratic research niche. Charles Hutchinson provided an instructive and highly enjoyable
opportunity to work on a major interdisciplinary grant proposal. I will endeavor to apply lessons
learnt from that process to the essential task of securing funding for future work. Suzanne Fish
had the idea of directing my interest in ethnoecology towards ranchers, in particular those in the
Altar Valley. She also directed me to essential contacts in that area, not least David Seibert and
the Altar Valley Conservation Alliance. Diane Austin helped me to grapple with anthropology
and put my interest in ethnoecology into practice. I could always rely on her to spot and remedy
my weaknesses with clarity, warmth and patience.
I am also grateful to George Ruyle for overseeing my research in the Altar Valley, and to
all who participated in that research. Susan Schwinning provided invaluable ecological and
practical input on my seedling experiments, and markedly improved the resulting papers.
Timothy Finan and Jeffrey Fehmi were my principal investigators on two other research
projects. While these projects did not contribute to this dissertation, they constitute important
parts of my education and research experience.
Many students worked long and hard helping me set up and run my experiments. In
addition, Chad McMurtry and Nate Pierce provided essential, highly skilled support as research
technicians. With Rob Wu, they went well beyond the call of duty, particularly in the House of
Back Pain, as I named one of our glasshouses.
I relied heavily on a considerable number of support staff. Notable among those at the
University of Arizona Agricultural Centers were Steve Husman, Mark Heitlinger and the late
Tracy Everingham. Supportive and efficient administration staff were also invaluable, including
Marylou Myers, Maria Rodriguez and Cecily Westphal.
My parents, Roger and Margaret Woods, have always been constant in their support.
Latterly, they provided a much-needed office in the UK to help me finish writing up.
I cannot say enough to thank Hilary Sumsion, my wife. Her worth is far above jewels
(Proverbs 31:10).
Our children, Samuel, Julia, Aaron, Solomon and Lydia, provided much fun and
distraction. Without you, it would have been a lesser journey.
Above all, I thank God and His Son Jesus for directing me to a great course among some
outstanding people, for bringing my family and me to a place of great natural beauty, for keeping
us going, enabling me to finish my studies, and taking us on to the next stage of the adventure of
life.

5

DEDICATION
It is a pleasure to dedicate this work to my lord Jesus. I only wish it were so easy to dedicate my
life wholeheartedly to Him.

6

TABLE OF CONTENTS
ABSTRACT ........................................................................................................................................ 8
INTRODUCTION ............................................................................................................................. 10
Background and Research Aims................................................................................................ 10
Approach ................................................................................................................................... 14
Dissertation format ................................................................................................................... 16
PRESENT STUDY ............................................................................................................................ 19
Summary ................................................................................................................................... 19
Future Research ........................................................................................................................ 30
REFERENCES .................................................................................................................................. 33
APPENDIX A ................................................................................................................................... 45
EARLY TAPROOT DEVELOPMENT OF A XERIC SHRUB (LARREA TRIDENTATA) IS OPTIMIZED
WITHIN A NARROW RANGE OF SOIL MOISTURE .......................................................................... 45
Abstract ..................................................................................................................................... 46
Introduction .............................................................................................................................. 47
Methods .................................................................................................................................... 51
Results ....................................................................................................................................... 55
Discussion.................................................................................................................................. 57
Literature Cited ......................................................................................................................... 62
Tables ........................................................................................................................................ 68
Figure Legends .......................................................................................................................... 73
Figures ....................................................................................................................................... 74
APPENDIX B ................................................................................................................................... 76
SEEDLING RESPONSES TO WATER PULSES IN SHRUBS WITH CONTRASTING HISTORIES OF
GRASSLAND ENCROACHMENT...................................................................................................... 76
Abstract ..................................................................................................................................... 77
Introduction .............................................................................................................................. 79
Materials and Methods ............................................................................................................. 82
Results ....................................................................................................................................... 88
Discussion.................................................................................................................................. 91
References ................................................................................................................................ 98
Tables ...................................................................................................................................... 109
Figure Legends ........................................................................................................................ 112
Figures ..................................................................................................................................... 114
APPENDIX C ................................................................................................................................. 118

7
PHENOTYPIC PLASTICITY AND EFFICIENCY IN SHRUB SEEDLING ROOT DEVELOPMENT:
IMPLICATIONS FOR GRASSLAND ENCROACHMENT ................................................................... 118
Summary ................................................................................................................................. 119
Introduction ............................................................................................................................ 121
Materials and Methods ........................................................................................................... 124
Results ..................................................................................................................................... 128
Discussion................................................................................................................................ 130
Conclusion ............................................................................................................................... 131
References .............................................................................................................................. 133
Tables ...................................................................................................................................... 141
Figure Legends ........................................................................................................................ 145
Figures ..................................................................................................................................... 147
APPENDIX D ................................................................................................................................. 151
INFORMAL RANGELAND MONITORING AND ITS IMPORTANCE TO CONSERVATION IN A US
RANCHING COMMUNITY ............................................................................................................ 151
Abstract ................................................................................................................................... 152
Introduction ............................................................................................................................ 154
Methods .................................................................................................................................. 157
Results ..................................................................................................................................... 161
Formal Monitoring .................................................................................................................. 171
Ranchers’ Use of Monitoring Information .............................................................................. 172
Discussion................................................................................................................................ 175
Implications ............................................................................................................................. 178
Literature Cited ....................................................................................................................... 179
Tables ...................................................................................................................................... 190

8

ABSTRACT
The widespread proliferation (or ‘encroachment’) of trees and shrubs in grasslands over the past
150 years is embedded in both natural and human systems. This dissertation addressed the
following ecological and ethnoecological questions. Can seedling traits help us understand why
so few woody species have encroached markedly into North American desert grasslands, and the
conditions likely to promote their proliferation? What is the role of informal knowledge of the
environment in efforts to manage woody plant abundance?
Woody seedling survival often depends on rapid taproot elongation. In glasshouse
experiments, initial water supply markedly affected taproot elongation in young seedlings.
Response patterns may help explain recruitment patterns in Larrea tridentata, the principal
evergreen woody encroacher in Sonoran and Chihuahuan Desert grasslands, and in Prosopis
velutina and Prosopis glandulosa, the principal deciduous woody encroachers in Sonoran and
Chihuahuan Desert grasslands, respectively.
P. velutina and P. glandulosa showed greater sensitivity to water supply levels at the
seedling stage than did the similar, related non-encroachers, Acacia greggii, Parkinsonia florida
and Parkinsonia aculeata. This enabled the Prosopis species to overcome lower seed and
seedling biomass to achieve similar taproot length to A. greggii and the Parkinsonia species.
Consequently, population level advantages of lower seed mass, such as high seed numbers, may
enhance encroachment potential in the Prosopis species without being negated by corresponding
seedling survivorship disadvantages.
I used semi-structured interviews to document informal rangeland monitoring by ranchers
in southeast Arizona. Ranchers used qualitative methods to assess forage availability, rangeland
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trends and responses to woody plant suppression measures. Informal rangeland assessments
informed ranchers’ management decisions on sub-yearly, yearly and multi-year timescales.
Informal monitoring appeared largely compatible with formal monitoring and natural science,
and most ranchers integrated the two systems.
Informal rangeland assessments can be valuable in planning woody plant suppression
measures, particularly in light of the small number of formal long-term studies of brush
suppression. Ecological studies may help predict places and periods of relatively rapid
encroachment, perhaps enabling early or pre-emptive brush suppression measures. Thus, both
seedling ecology and informal environmental knowledge are likely to be useful in managing
woody plant populations in desert grasslands.
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INTRODUCTION
Background and Research Aims
This dissertation studies natural and human aspects of woody plant proliferation in desert
grasslands of southwest USA. It includes ecological studies of woody plant species native to the
Sonoran and Chihuahuan Deserts. Experiments were used to assess whether seedling traits can
help us understand (1) why so few of the common native woody species have spread markedly in
grasslands, and (2) the environmental conditions likely to promote woody plant proliferation in
desert grasslands. These experimental ecological studies are tied to an ethnoecological study of
informal monitoring of rangelands and its use in rangeland conservation, particularly in efforts to
prevent encroachment of woody plants or to reduce their abundance subsequent to their
encroachment into grasslands. Such a combination of natural and social science is appropriate to
understanding phenomena such as woody plant proliferation that comprise significant and
complex human and natural components.

Woody plant proliferation in coupled human and natural systems
Grasslands, savannas and woodlands, unless cultivated or built upon, are termed ‘rangelands’
and provide extensive habitat for domestic and wild mammals (Holechek et al. 2004). Globally,
the majority of arid and semi-arid lands are used as rangelands for extensive livestock rearing
(Asner et al. 2004, Safriel and Adeel 2005). The principal livestock species in US rangelands is
domestic cattle (Bos taurus Linnaeus), a grazer adapted to feeding primarily on grasses
(Holechek et al. 2004, Eldridge et al. 2011). Extensive cattle rearing in the western USA is
usually termed ‘ranching’, or more specifically ‘cattle ranching’, where “both land and animals
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are individually allocated and controlled” (Sayre 1999). Ranchland management is subject to
constraints imposed by laws such as those protecting the natural environment and archaeological
sites (e.g., the Endangered Species Act, National Environmental Policy Act and Archaeological
and Historic Preservation Act) (Fish 1980, Coggins et al. 2007) and by the need to comply with
policies of government landowners, whose land can constitute the majority of an individual
ranch’s grazing land, particularly in Arizona (Sheridan 2001, 2007). Nevertheless, the system of
exclusive grazing access, as opposed to common or ‘free-for-all’ access to pastures, confers on
each ranch the ability and, arguably, the obligation to conserve its rangelands and so protect the
productivity of forage and livestock (Sayre 1999). This includes conserving plant communities,
including the mix between herbaceous and woody plant species (Archer 1995a).
Woody plants have proliferated markedly in many grasslands across the world over the
past 150 years (Archer 1994, 1995b, Van Auken 2000, Naito and Cairns 2011). This gradual
encroachment of shrubs and trees into grasslands can shift a biome from grassland or savanna to
shrubland or woodland, significantly altering ecosystem structure, function and services
(Eldridge et al. 2011). These altered ecosystem services can directly affect the livelihoods of
those who use and manage the land, principally pastoralists and pastoral farmers who rely on
forage to support livestock. Conversely, the actions of those same people can influence plant
communities, including woody plant abundance. Thus, woody plant proliferation in grasslands is
embedded in coupled human and natural systems. In this dissertation, I address some of the
unanswered ecological and cultural questions regarding woody plant proliferation in hot desert
grasslands of the USA.
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Ecology
A concern to protect or enhance forage and livestock production has been a prime motivator for a
large number of ecological studies on woody plant encroachment into grasslands, many of which
have been performed in the western USA (Buffington and Herbel 1965, Noble 1998, Eldridge et
al. 2011). Woody encroachment into North American grasslands has been a concern to ecologists
since the 1950s (Fisher 1950, Glendening 1952), largely because it is typically accompanied by
a reduction in grass abundance, often leading to reduced cattle production (Archer 1996, Scholes
and Archer 1997, Eldridge et al. 2011, Ansley et al. 2013).
There have been numerous studies on the ecological consequences of woody plant
encroachment (Eldridge et al. 2011) and a major effort to understand the ecology of brush
suppression, i.e., methods to reduce or restrict woody plant abundance (Archer 2010, Archer et
al. 2011). However, mature woody plants and their seeds are often highly persistent, and success
in reversing encroachment in heavily infested areas tends to be short-lived (Archer 2010, Archer
et al. 2011).
There has also been much debate on the possible long term drivers of encroachment
(Bond 2008), such as changes in precipitation amount and pattern (Brown et al. 1997, Sankaran
et al. 2005). Yet it is still unclear why, in many regions, only a small minority of the locally
common woody species have encroached aggressively into grasslands (O'Connor and Crow
1999, Roques et al. 2001, Maestre et al. 2009, Barger et al. 2011). Neither is it clear which
woody plant traits or environmental conditions are critical to encroachment success.
The ecological component of this dissertation seeks an improved mechanistic
understanding of woody plant proliferation in hot desert grasslands. It investigates how plant
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traits may predispose a woody species to encroachment success, and how encroachment may be
affected by water supply. It is hoped that such understanding may help rangeland managers
develop methods to pre-empt shrub encroachment before the problem becomes intractable.

Ethnoecology
Approximately 40% of the US West comprises rangelands that are managed or co-managed by
ranchers (Sheridan 2007, US Census Bureau 2012). Human aspects of rangeland management as
practiced by US ranchers have been increasingly studied over the past twelve years (Sayre 2002,
2007, Knapp and Fernandez-Gimenez 2008, Crawley 2009, Knapp and Fernandez-Gimenez
2009, Brunson 2012). However, such studies are still rare in comparison to ecological studies.
The contrast is all the more remarkable when considering that the motivation for much
ecological research was a concern either for the livelihoods of ranchers or for improved
conservation of the rangelands they manage.
The contrasts do not end there. In ethnoecology, the study of informal, local or ‘nonscientific’ knowledge and use of the natural environment, there are significant bodies of work
covering, for example, indigenous peoples of the Canadian Arctic, the Amazon and parts of
Africa (Berlin 1976, Posey 1985, Berkes 1993, Berkes et al. 2000, Oba and Kotile 2001). Among
these studies there has been much discussion of the potential for incorporating informal
environmental knowledge with formal natural science, to better manage natural resources
(Huntington 2000, Moller et al. 2004, Berkes et al. 2007, Roba and Oba 2009, Mamun 2010). A
common view and motivation is that informal and formal knowledge can have complementary
advantages and disadvantages; that the two systems can be compatible; and that it can be
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possible and useful to combine the two (Huntington et al. 2004, Ellis 2005, Raymond et al. 2010,
Reed et al. 2013).
However, there is a marked paucity of anthropological study of US ranchers (Sheridan
2007), and in particular very few ethnoecological studies (Rowley et al. 2007, Knapp and
Fernandez-Gimenez 2008, Knapp and Fernandez-Gimenez 2009). There is still little published
research that systematically describes US ranchers’ informal knowledge, the first step of
ethnoecological enquiry and a necessary precursor to analysis and evaluation (Raymond et al.
2010). Yet informal knowledge can be important to natural resource management in
industrialised or non-indigenous societies (Millar and Curtis 1999, Quinn and Dubois 2005).
Although rarely documented, informal monitoring of the natural environment appears to
be foundational to rangeland management and conservation by many US ranchers (Knapp and
Fernandez-Gimenez 2008, Knapp and Fernandez-Gimenez 2009).The social component of this
dissertation therefore aims to describe informal environmental monitoring by US ranchers and its
use in conservation, and to assess its compatibility in principle with natural science and formal
rangeland monitoring. I aim to use this context to describe ranchers’ informal knowledge and
monitoring in relation to woody plant proliferation in grasslands, brush suppression, and the
potential for integration with formal environmental monitoring and ecology.

Approach
Ecology
My ecological research aims are to determine attributes of shrub growth forms which increase
woody plant encroachment potential in grasslands and the combination of environmental
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conditions required for seedling establishment, a critical step in encroachment (Bond 2008).
Woody plant mortality rates are typically highest during the seed and early seedling stages, with
later stages becoming progressively more persistent (Harper 1977, Fenner 2000, Moles and
Leishman 2008, Fay and Schultz 2009). It is therefore likely that plant traits and environmental
conditions affecting seedling growth and survival may be critical to rates of encroachment and,
therefore, differences in encroachment potential between species.
Access to an adequate water supply is critical to seedling growth and survival in arid and
semi-arid regions (Goldberg and Turner 1986, Chesson et al. 2004), and dry periods within the
wet season are the most frequent cause of young seedling mortality (Bond 2008). Woody
seedling establishment in drylands often depends on rapid taproot growth, securing access to
deeper soil layers that are less desiccation-prone than near-surface soil grasses (Brown and
Archer 1990, Padilla and Pugnaire 2007, León et al. 2011). In addition, seedling survival odds
can increase with seedling mass (Leishman et al. 2000). Consequently, it is possible that species
differences in encroachment potential may be partly explained by seed size and by taproot
development at the nascent seedling stage.
I have, therefore, addressed my ecological research questions through controlled
environment (glasshouse) studies on young seedlings of woody plants native to North American
hot deserts. These experiments focused on seedling taproot responses to variations in water
supply. Target species include the foremost woody encroachers in grasslands of the Sonoran and
Chihuahuan Deserts, namely Larrea tridentata (DC.) Coville, Prosopis velutina Woot. and
Prosopis glandulosa Torr.; and non-encroaching species of similar life history to P. velutina and
P. glandulosa, namely, Acacia greggii A. Gray (catclaw acacia), Parkinsonia florida (Benth. ex
A. Gray) S. Watson and Parkinsonia aculeata L.
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Ethnoecology
The aims of the ethnoecological component of this dissertation are to document informal
rangeland monitoring by US ranchers, and to compare informal and formal monitoring of the
natural environment in the context of rangeland management. Emphasis is placed on woody
plant proliferation and its management, and on the potential for integrating informal and formal
approaches. To meet these aims in sufficient depth, the study is restricted to one rural community
in southeast Arizona (the Altar Valley and neighbouring ranchlands). Qualitative methods of
data collection and analysis (Huntington 1998, Patton 2002, Martin 2004, Sayre 2004, Wilson
and Sapsford 2006) were used to elicit and analyse in-depth descriptions of informal and formal
monitoring and their use in ranchland conservation in the study area. Descriptions of informal
methods were compared with formal, ecological and earth science literature. I assessed the
compatibility and relative benefits of informal and formal methods, with reference to rangeland
management in general and, in particular, practical attempts to reduce or reverse woody plant
proliferation.

Dissertation format
The main body of this dissertation is contained in four research papers (appendices A, B, C and
D). Each paper is aimed at a target journal, as noted in each appendix, and is formatted
accordingly. These individual research manuscripts are logically connected and integrated into
the dissertation as a whole.
The first three papers (appendices A, B and C) focus on woody plant ecology. They are
based on data collected in glasshouse experiments at the University of Arizona Campus
Agricultural Center in Tucson, Arizona, USA in 2006 and 2008. The final manuscript (Appendix
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D) takes a social science approach. It is based on interview data collected in 2010 and 2011
concerning the Altar Valley and adjoining areas in Pima and Santa Cruz counties, Arizona.
I am the lead author of each paper. I did the majority of the analyses and writing for
Appendices A, B and C. The co-authors provided analytical input and editing. In addition, coauthors Drs. Steven Archer and Susan Schwinning supervised the research project from which
these papers are derived. For Appendix D, I did all the analysis and the majority of the writing.
The co-author, Dr. George Ruyle, edited the paper and supervised the research project from
which it is derived. Prior to data collection, committee member Dr. Diane Austin gave advice on
methodology, including analysis, for this paper.
Appendix A is entitled ‘Early taproot development of a xeric shrub (Larrea tridentata) is
optimized within a narrow range of soil moisture’ and was published in the journal Plant
Ecology 212(3):507-517 in 2011. It investigates how water supply may restrict or enhance
seedling establishment in the foremost evergreen woody encroacher in North American hot
desert grasslands.
Appendix B is entitled ‘Seedling responses to water pulses in shrubs with contrasting
histories of grassland encroachment’ and was published by the online journal PLoS ONE
9(1):e87278 in 2014. It delineates effects of initial water supply on taproot elongation in an
aggressive grassland encroacher (P. velutina) and a highly similar non-encroacher (A. greggii),
both native to the Sonoran Desert, and compares sensitivity to environmental conditions between
the encroaching and non-encroaching species.
Appendix C is entitled ‘Phenotypic plasticity and efficiency in shrub seedling root
development: implications for grassland encroachment’. It is prepared for submission to Journal
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of Ecology. It compares seedlings of the foremost woody encroachers in the Sonoran and
Chihuahuan Deserts (P. velutina and P. glandulosa, respectively) with similar and related cooccurring non-encroachers (Pa. florida and Pa. aculeata). The experiment in this paper is
presented within a broader conceptual framework of demographic transitions, sensitivity to
environmental conditions and trade-offs between species traits at multiple life stages.
Appendix D is entitled ‘Informal rangeland monitoring and its importance to
conservation in a US ranching community’ and is prepared for submission to Rangeland Ecology
and Management. It compares and contrasts how informal and formal monitoring are used in
ranchland management and conservation, and compares informal knowledge and monitoring
with natural science. It describes the influence of informal methods on brush suppression
practices and the evaluation of their efficacy. It discusses the possible advantages of integrating
informal and formal approaches, accounting for the human and natural dimensions of rangeland
management and woody plant proliferation.
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PRESENT STUDY
Summary
The methods, results, and conclusions of this study are presented in the four research papers
appended to this dissertation. The following are summaries of their most important findings.

Appendix A: Early taproot development of a xeric shrub (Larrea tridentata) is
optimized within a narrow range of soil moisture
In the more xeric regions of the Sonoran and Chihuahuan Deserts, Larrea tridentata (DC.)
Coville (creosote bush) has been the most aggressive woody encroacher and now dominates
many former grasslands (Buffington and Herbel 1965, Hunziker et al. 1972, Hunter et al. 2001,
Barger et al. 2011). However, its recruitment appears to be rare and episodic (Barbour et al.
1977, Goldberg and Turner 1986, Bowers et al. 2004). This study sought to determine whether
responses of young seedlings to water supply could help explain these recruitment patterns.
Seedlings of L. tridentata were grown from seed in a glasshouse for 16 to 17 days. The
experimental design was full factorial with (a) four levels of initial watering (2, 3, 4 or 5
successive “triggering” days at the start of the experiment with 10 mm water per day, intended to
trigger germination) followed by (b) two levels of follow-up watering (5 mm either daily or on
alternate days). These treatments represent a range of precipitation conditions experienced in the
peak rainfall months of July and September in the Sonoran Desert (SRER 2007).
Seedling Emergences were recorded. At the end of the experiment, seedlings were
harvested and taproot length and oven-dry root and shoot biomass measured. It was expected
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were that infiltration depth, and hence taproot elongation, would be primarily set by the length of
initial watering pulse, and that subsequent watering level would influence root biomass
accumulation. Thus, the hypotheses were (1) taproot length would be determined primarily by
the initial number of triggering days, with more triggering days leading to greater taproot length,
and (2) the level of subsequent, follow-up watering would affect root biomass, with a higher
watering level leading to greater root biomass.
The percentage of seeds that emerged was increased by higher watering levels in both the
trigger and follow-up phases. Shoot mass was not significantly affected by the treatments. In
contrast, the number of triggering days strongly affected taproot length. In the range of 2 to 4
triggering days, taproot length increased approximately linearly with the number of triggering
days, suggesting that taproot elongation was set by depth of infiltration, while higher follow-up
watering increased root biomass, as expected. However, both taproot length and root biomass
were markedly reduced when 5 consecutive triggering days were followed by daily follow-up
watering, the treatment combination that provided the greatest total amount of water. Thus, each
hypothesis was partially supported.
Taproot length was positively correlated with root biomass. However, analysis of
covariance showed trigger duration to have a significant effect on taproot length that was
independent of root mass. Compared to expectations based only on the correlation with root
biomass, taproots were longer than expected with 3 or 4 days’ trigger and shorter than expected
with 2 or 5 days’ trigger. Thus, taproot elongation was reduced by either too little or too much
water applied during the first few days.
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L. tridentata is adapted to xeric environments but requires high soil oxygen levels, with
root growth limited by moderately waterlogged conditions (Lunt et al. 1973). This appears to
have occurred in the highest combined watering level in this study. Thus, under the conditions
that most promoted seedling emergence, taproot growth was impaired, with likely negative
effects on seedling survival. It appears that L. tridentata has a narrow range of favorable
establishment conditions, which may help explain this species’ rare, episodic recruitment.

Appendix B: Seedling responses to water pulses in shrubs with contrasting
histories of grassland encroachment
Prosopis velutina Woot. (velvet mesquite) and Acacia greggii A. Gray (catclaw acacia) are
related shrubs native to the Sonoran Desert that share many similarities, particularly when
mature (Vines 1960, Hastings et al. 1972, Turner et al. 1995). However, P. velutina has
proliferated markedly in Sonoran Desert grasslands, while A. greggii and other similar, cooccurring native shrubs have not. This glasshouse study assesses whether seedling traits can
explain the difference in encroachment history between these two species.
Air-dry seeds of each species were weighed. The two species were then grown from seed
for 16 and 17 days under eight watering treatments that mimicked precipitation patterns in the
Sonoran Desert. Watering treatments were identical to those in Appendix A, with 2, 3, 4 or 5
triggering days (with 10 mm water per day, to trigger germination) followed by 5 mm water
either every day or every other day. For each seedling, day of emergence above the soil was
recorded. At the end of the experiment, root and shoot dry biomass and taproot length were
measured.

22
Seed mass was nearly 7 times greater in A. greggii than in P. velutina. P. velutina
emerged on average 3 days earlier than A. greggii and grew accumulated biomass significantly
faster. At harvest, shoot mass was approximately 34% higher in A. greggii than P. velutina but
root mass was not significantly different between the species.
Taproot length increased linearly with trigger duration for both species. The response was
65% ± 28% greater in P. velutina than in A. greggii, and at the highest trigger duration taproot
length was 52 ± 19 mm greater in P. velutina than in A. greggii. Increased water supply during
the follow-up phase also increased taproot length in both species. However, for each species, the
effect on taproot length of an additional 10 mm of water during the initial trigger phase was
equivalent to the effect of adding 30 mm of water during the follow-up phase.
Seed mass is generally positively correlated with seedling mass (Leishman et al. 2000).
P. velutina compensated for its lower seed mass by earlier emergence, presumably enabling
autotrophic growth to start earlier, and by faster biomass accumulation. In A. greggii, growth rate
was negatively correlated with the number of days from the start of the experiment to emergence.
That is, seedlings that emerged later had less biomass at harvest. Evaluating the regression of
absolute growth rate against day of emergence at the mean emergence day of P. velutina
suggests that biomass accumulation per day would have been little different between the two
species. I.e., much of the difference in growth rate between the species can be accounted for by
the earlier emergence of P. velutina seedlings.
Under the conditions of this experiment, greater seed mass did not appear to give A.
greggii much advantage over P. velutina. Relatively large pulses of water are likely to increase
survivorship odds in both species, by enabling seedlings to develop deep rooting systems and so
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secure access to relatively stable deep soil moisture. Under such favorable conditions, the faster
taproot elongation of P. velutina may give a significant advantage over A. greggii. Therefore, it
appears that encroachment of these species into grasslands may be enhanced by large but rare
precipitation pulses during the growing season, and that P. velutina may be better able to take
advantage of these brief but highly favourable conditions for growth.
Rates of woody encroachment are doubtless also affected by other factors, particularly
those affecting the earliest and most vulnerable life stages of seed and seedling. In general,
recruitment success in grasslands and, hence, encroachment potential are likely to be enhanced
by greater sensitivity to the drivers of encroachment.

Appendix C: Phenotypic plasticity and efficiency in shrub seedling root
development: implications for grassland encroachment
This study sought to determine whether seedling traits could help explain why some woody plant
species have encroached much more markedly into desert grasslands than other, similar species.
It compares responses of seedlings of four woody Fabaceae species to water supply. The species
are Prosopis velutina Woot. and Parkinsonia florida (Benth. ex A. Gray) S. Watson, natives of
the Sonoran Desert, and Prosopis glandulosa Torr. and Parkinsonia aculeata L., natives of the
Chihuahuan Desert. The Prosopis species have encroached aggressively into grasslands while
the Parkinsonia species have not (Daehler 1998, Pasiecznik et al. 2001, Weber 2003), yet all
four species share many similarities (Vines 1960, Pasiecznik et al. 2001). One point of difference
is that seed mass is markedly lower in the Prosopis species than in the Parkinsonia species
(Earle and Jones 1962, Jones and Earle 1966, FAO 1975, Carlowitz 1991, Sliwinska et al. 2009).
However, lower seed mass generally increases vulnerability to resource limitation such as
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drought (Jurado and Westoby 1992, Leishman et al. 2000, Moles and Leishman 2008), and on
this basis would appear unlikely to enhance encroachment ability in desert grasslands.
Shrub seedling survival in arid and semi-arid regions can depend on rapid taproot
elongation, which can reduce below-ground competition from grasses (Brown and Archer 1990,
Jackson et al. 1996, Weltzin and McPherson 1997, Bond 2008) and help maintain a continual
water supply (Padilla and Pugnaire 2007, León et al. 2011). In addition, adaptive phenotypic
plasticity may in some cases broaden the range of conditions under which a species is able to
survive (Berg and Ellers 2010, Albert et al. 2011). Therefore, the hypotheses of this study were
that the successful grassland encroachers (Prosopis spp.) would (1) have a biomass allocation
strategy that more strongly prioritizes taproot growth, and (2) show greater phenotypic plasticity
in response to different watering levels, compared to the non-encroachers (Parkinsonia spp.).
Seed mass was measured for each species. Seedlings were grown in a glasshouse for two
weeks under three watering regimes representative of monsoon conditions in the Sonoran and
Chihuahuan Deserts. Afterwards, taproot lengths and the dry mass of taproots, lateral roots and
shoots were measured.
The Parkinsonia species had on average a four-fold biomass advantage over the Prosopis
species at the seed stage but only a two-fold biomass advantage at harvest. Low water supply
reduced growth rate in all species but more so in the Prosopis species than in the Parkinsonia
species. Taproots length was 35 ± 7% less under low water supply but was not significantly
different between species.
The Prosopis species matched the taproot elongation rates of the Parkinsonia species
partly through greater specific taproot length (taproot length/taproot biomass). In addition, in
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response to water scarcity the Prosopis species shifted biomass allocation to taproots, primarily
from lateral roots, while the Parkinsonia species did not. Thus, taproot development was more
mass-efficient and more plastic in the Prosopis species. These traits could help young Prosopis
seedlings overcome the greater vulnerability to drought mortality expected on the basis of their
lower seed size, compared to Parkinsonia seedlings.
Consequently, the encroaching Prosopis species may be able to benefit from population
level advantages of lower seed mass, such as higher seed numbers (Jakobsson and Eriksson
2000, Muller-Landau 2010), without being disadvantaged in terms of seedling survival in
grasslands. The relationship between seed mass and seed number is one of several trade-offs
between plant traits that link different transitions between life stages (Crawley 2009). Thus,
compared to the Parkinsonia species, lower seed mass in the Prosopis species may enable
greater seed numbers and thereby more dispersal and establishment opportunities, while their
expected grassland establishment disadvantages due to lower seed mass could be mitigated by a
combination of advantageous mean trait values (specific taproot length) and adaptive plasticity
(in biomass allocation).
An encroaching species must be able to pass through every demographic transition from
seed in their “old” habitat to seed source in the “new”, grassland habitat. Each transition may be
dependent upon overcoming multiple environmental barriers (e.g., predation, lack of dispersal
agents, drought or fire). Encroaching species may not perform better than non-encroachers at
every life stage or at each environmental barrier, but they must be responsive to the drivers of
encroachment and able to surmount every environmental barrier to each life stage transition.
Therefore, encroachment ability is likely dependent upon demographic trade-offs, mean trait
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values and responsiveness to environmental change, particularly at vulnerable life stages such as
the seed or seedling.

Appendix D: Informal rangeland monitoring and its importance to
conservation in a US ranching community
Deliberate, informed rangeland management, including planning and evaluating brush
suppression, depends on understanding the conditions of the natural environment through
rangeland monitoring (Elzinga et al. 1998, Holechek et al. 2004). Formal rangeland monitoring,
based in the natural scientific method, is well-documented (Coulloudon et al. 1999) and widely
used by rangeland scientists, including government agency personnel (USFWS 1980, NRCS
2003, Lindenmayer and Likens 2010). In contrast, informal (or ‘local’, ‘traditional’ or ‘nonscientific’) environmental monitoring by ranchers has rarely been documented, but can influence
decisions on rangeland management and conservation in the US West (Sayre 2004, Knapp and
Fernandez-Gimenez 2008, Knapp and Fernandez-Gimenez 2009). This study documents
informal rangeland monitoring by ranchers in a rural community in Arizona, and compares
informal monitoring with formal monitoring and natural science. Emphasis was placed on
understanding rangeland monitoring in the context of rangeland management and conservation,
in particular brush suppression.
The study was conducted in the Altar Valley and adjoining ranchlands in the Santa Cruz
Valley, southeast Arizona, USA, part of the Sonoran Desert region. Data collection was by 28
semi-structured interviews (Patton 2002, Sayre 2004, Wilson and Sapsford 2006) with 27
ranchers and government agency personnel involved in ranchland management in the study area.
Compatibility between informal and formal systems of rangeland monitoring, and their uses, was
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assessed by a comparison between a) informal methods used in the study area and b) formal
methods used in the study area and published literature based on formal natural scientific
methods (Reed et al. 2008).
All the ranchers who participated in the study used informal monitoring of the natural
environment as a basis for their management decisions. Formal monitoring was also conducted
on all but one ranch represented in the study. Informal assessments of rangeland condition were
generally qualitative. Informal monitoring included ocular assessments of forage quantity and
quality, accounting for the vigor, palatability and species of grasses. Methods of assessing
precipitation included observation of surface water and green-up of vegetation. Long-term trends
and outcomes of conservation efforts, such as proliferation of the shrub P. velutina and attempts
at brush suppression, were assessed by comparing current conditions with memories of
conditions in previous years or decades and with oral histories passed down from previous
generations of ranchers. Indicator species were also used to help assess trends in rangeland
condition or recent levels of precipitation.
There were clear differences between informal and formal monitoring techniques, but in
many cases there was similarity of aim and in some cases partial similarity of technique. The
underlying knowledge base of informal monitoring appeared largely compatible with natural
science. However, this study did not attempt to evaluate whether informal and formal monitoring
produced similar assessments in practice.
Ranchers conducted informal monitoring near-continuously throughout the year, usually
while performing other ranch management tasks. Most or all of the pasture in each ranch was
monitored informally. For example, forage levels would be assessed by repeatedly extensively
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touring and observing the majority of the pasture land in a ranch. In contrast, formal monitoring
was generally performed once per year, in the autumn, after the main growing season; and was
largely confined to a few key areas that constituted a small fraction of the land in each pasture or
ranch. Thus, informal monitoring appeared more able than formal monitoring to integrate ranchscale spatial and temporal variability of conditions within multiple pastures. Thus, Ranchers
relied on informal monitoring to assess and respond to unpredictable conditions such as drought
or wildfire, since formal, field-based monitoring was spatially restricted and generally unable to
document sub-yearly variations in the natural environment.
Most ranchers made yearly grazing plans in the autumn, before results from current
formal analyses would be available. Informal assessments could often be made almost instantly,
while statistical analysis of formal monitoring data would often take months. Most annual plans
therefore had to be based primarily on informal assessments of rangeland condition.
Brush suppression techniques used in the study area since the 1950s include mechanical
and chemical treatments and prescribed fire. Informal assessments of the outcomes of these
treatments included reductions in mature woody plant abundance and increases in herbaceous
plant abundance for several years, and in some cases reduced erosion, followed by a gradual
increase in woody plant abundance over the following 10 to 20 years. Thus, single brush
suppression treatments were not considered adequate to reverse woody plant proliferation
beyond the short-term. The consensus among ranchers was that repeated application of a
sequential combination of techniques (mechanical, chemical and/or fire) would be necessary to
suppress woody plants over the longer term. This informal understanding of brush control is in
accord with ecological literature (Archer et al. 2011). Some ranchers also observed that A.
greggii had a greater ability than P. velutina to resprout after fire, and that A. greggii could
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therefore be more difficult to suppress. Due to the differences in fire conditions between formal
studies of resprouting by these species, ecological literature does not currently appear to strongly
support or reject the view put forward by ranchers.
Formal rangeland monitoring had contrasting advantages over informal monitoring.
Unlike informal monitoring, formal monitoring could be used to demonstrate compliance with
federal laws protecting the natural environment and archaeological sites (Fish 1980, Coggins et
al. 2007). Formal monitoring could also provide more detail on rangeland trend, including data
on uncommon herbaceous species which ranchers’ informal monitoring may overlook. Most
ranchers compared formal assessments of rangeland trend with their own observations, appearing
to integrate the two sets of information to generate a more comprehensive view than either
system could provide alone.
The general compatibility between informal and formal monitoring suggests that there
should be no fundamental impediment to integrating the two systems. Their complementary
advantages suggest that this is likely to improve understanding and conservation of the natural
environment. Such integration is practiced and valued by most of the ranchers who participated
in the study. Further, the rarity of formal long-term studies of brush suppression appear to have
led some rangeland scientists to a similar practice, basing plans for brush suppression on
informal assessments of outcomes of prior treatments as well as on natural science (Archer et al.
2011).
However, the incorporation of informal with formal methods is largely absent from the
range science literature (Elzinga et al. 1998, Coulloudon et al. 1999, Habich 2001, Vaughan et al.
2001, NRCS 2003, Holechek et al. 2004), giving little or no guidance to rangeland managers on
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how to select the informal monitoring methods they may need to rely upon. It appears likely that
further evaluation and recognition of the benefits of combining informal and formal rangeland
monitoring may enhance the abilities of rangeland scientists and ranchers to evaluate, improve,
select and integrate the monitoring methods available to them. In so doing, the combinations of
rangeland monitoring practices used in the field may be improved, better informing rangeland
conservation efforts such as brush suppression.

Future Research
The four research studies which comprise the bulk of this dissertation address some of the
natural and human aspects of woody plant proliferation. Appendices A, B and C studied woody
species native to the Sonoran and Chihuahuan Deserts. In these species, responses of young
woody seedlings to variations in water supply indicate conditions that may affect establishment,
and hence encroachment into grasslands; and species traits that may help explain why some
species have encroached more successfully than others. Appendix D shows that informal
environmental monitoring can provide an important knowledge base for rangeland managers
assessing and planning brush management. However, there remains significant scope for further
research to answer questions raised by each of these studies.
The ecological studies presented in this dissertation were based on short duration
experiments in controlled environments with varying water supply. These studies have
highlighted the importance of this early life stage and of pattern and amount of water input.
However, longer duration studies of seedling establishment are also needed. In particular, for
species native to arid and semi-arid regions, it would be useful to quantify how responses of
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young seedlings to water supply affect survival throughout the first year, until their second wet
season.
Influences of other environmental variables on seedling establishment should also be
assessed. For example, as well as water supply, fire, herbivory and herbaceous competition can
influence woody seedling mortality, and establishment is likely to be affected by combinations of
these factors (Fig 1, Appendix C). Interactions between the effects of most of these factors may
be studied in controlled environments, but complementary long-term field studies of
establishment would also be valuable if findings are to be applicable under more natural
conditions.
Appendices B and C highlighted the potential importance of seed mass to woody plant
proliferation and potential trade-offs between seed mass, seed dispersal and seedling growth
traits. In particular, dispersal patterns may give further insight into differences in encroachment
ability between species and into the conditions that promote encroachment. Such insight may be
gained through comparative studies of dispersal in co-occurring encroachers and nonencroachers, analogous to the comparative seedling studies of this dissertation.
Improved understanding of both the seed and seedling stages of woody plant proliferation
may aid population modelling and, eventually, prediction of periods or locations of rapid
encroachment, according to prevalent environmental conditions. Such predictions may then
assist rangeland managers in planning brush management treatments in a timely manner,
potentially before encroaching seedlings mature and achieve sizes that require more frequent and
more expensive management interventions. However, informal assessments of brush suppression
experiences (Appendix D) suggest a possibility that recovery from brush suppression may differ
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significantly between similar woody species. Some ranchers described a marked difference in
resprout ability after fire in P. velutina than in A. greggii, the species studied in a controlled
environment in Appendix B. This suggests a need for research into possible differences in the
resprout ability between these and other similar species, preferably at multiple life stages. Such
studies may then enable brush suppression strategies to be more tailored to the woody species
present in a particular area.
Appendix D sheds light on ranchers’ informal environmental knowledge and how they
monitor the natural environment. However, there is still much to be learnt about informal
rangeland monitoring in the US West. The level of practical agreement between informal and
formal monitoring of the natural environment could be studied using statistical comparisons of
assessments made by both methodologies in field. Qualitative studies, similar to Appendix D,
may be used to gain more in-depth understanding of how informal monitoring is practiced and
used in other rural communities and in different regions, both by ranchers and by rangeland
scientists. Such studies could then inform quantitative surveys of informal monitoring of the
environment and how it informs rangeland conservation across the US West.
Given the lack of long-term formal studies of effects of brush management efforts, it
would be useful if future studies of informal environmental knowledge in the US West continued
to document informal assessments of past brush suppression. This knowledge appears to be
valuable to ranchland conservation, at least in the opinions of the ranchers and rangeland
scientists who base some of their conservation decisions on it. This knowledge should be
recorded, evaluated and disseminated. Perhaps this may assist rangeland managers of all types to
benefit from the experience, thought and effort encapsulated in both formal and informal
knowledge of the natural environment.
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Abstract
Effects of watering amount and frequency on root biomass accumulation and taproot elongation
were examined 16 to 17 days post-germination in seedlings of Larrea tridentata, a dominant
shrub in North American hot deserts. Two experimental variables manipulated in a full factorial
design greenhouse study were (i) number of “triggering” days: consecutive days (2, 3, 4 or 5) at
the start of the experiment on which seedlings received 10 mm of water per day; and (ii) “posttrigger” watering frequency: 5 mm of water either daily or every other day.
We hypothesized that taproot elongation would increase with greater numbers of
triggering days, whereas higher post-trigger watering frequency would enhance root biomass
development. Increasing the number of triggering days from 2 to 4 promoted taproot extension
without affecting root biomass, and higher watering frequency in the post-trigger phase generally
increased root biomass, as expected. Contrary to expectations, root biomass and taproot length
were significantly reduced when daily watering followed 5 consecutive triggering days. Taproot
length correlated with root biomass, but irrigation regime also had a biomass-independent effect:
with either 2 or 5 triggering days, taproots were shorter than expected based on root biomass.
Thus, both too little and too much water stymied taproot extension. In natural settings, the
adverse response of taproots to too little or too much water could reduce seedling survivorship
and restrict establishment to a narrow range of environmental conditions.
Keywords
Recruitment – threshold – xerophyte – Sonoran Desert – episodic establishment – creosote bush

47

Introduction
Patterns of early seedling mortality may have profound effects on the abundance, dynamics and
spatial distributions of adult plants (de la Cruz et al. 2008; Pico and Retana 2008), responses of
communities to climate change (Lloret et al. 2009), and the maintenance of species diversity
(Connell 1978; Grubb 1977; Janzen 1970). In perennials, just-emerged seedlings have higher
mortality rates, by far, than all subsequent life history stages (Fenner 1987) and are arguably at
peak sensitivity to environmental and biotic factors. As they grow, develop root systems, and
accumulate reserves and defense compounds they become better protected against moisture
shortage and herbivory (Ackerman 1979; Elger et al. 2009; Padilla et al. 2007; Padilla and
Pugnaire 2007), two of the most frequent mortality factors amongst first-year seedlings (Moles
and Westoby 2004). While the physiological ecology of germination and post-emergence
seedling development is widely regarded as critical to understanding plant population dynamics,
much less is known about the processes that govern growth and survivorship of seedlings
compared to those that govern mature plants. This reflects the facts that seed germination is
difficult to detect in the field until cotyledons emerge (Fenner 1987), the time between
emergence and death may be short and easily missed by all but the most diligent sampling
schemes (Bowers 2004), and significant recruitment events may occur infrequently (e.g.
Ackerman 1979; Barbour et al. 1977).
Germination and establishment of desert plants depend strongly on temperature and
precipitation patterns (Beatley 1974b). Species differ in the minimal amount of precipitation
necessary to break seed dormancy, as well as the amount of follow-up rain necessary to support
seedling growth until taproots are deep enough to supply the shoots with a steady flow of water
(Padilla and Pugnaire 2007). The diversity of germination and establishment requirements
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among species is recognized as the “regeneration niche” (Grubb 1977) and is thought to be an
important component of maintaining species richness in desert plant communities (Chesson and
Huntly 1997; Pake and Venable 1995, 1996). The conditions required for the establishment of
long-lived desert shrubs are challenging to discern, because long-lived species need not recruit
very often to maintain their populations. A typical example is Larrea tridentata (DC.) Coville
(creosote bush, family Zygophyllaceae), the dominant evergreen shrub in all three North
American warm deserts (Hunter et al. 2001; Hunziker et al. 1972).
Two principal climatic factors have been suggested as delimiters of L. tridentata’s range:
minimum temperatures and high precipitation. Its northern boundary corresponds to low winter
temperatures and may result from freezing-induced xylem cavitation (Turner et al. 1995; 152
Pockman and Sperry 1997; Arundel 2005). In the Mohave Desert both altitudinal and latitudinal
limits match an upper limit of 183 mm mean annual precipitation (Beatley 1974a). L. tridentata’s
western boundary appears limited by mean minimum July-August (monsoon) temperatures
below 18 oC (Arundel 2005), suggesting a link with temperature requirements for germination
and root growth, since seedling root growth is greatly reduced at 16 oC and the mean low
temperature limit for germination is 20 oC (Barbour 1968).
L. tridentata appears limited on its eastern boundary in Sonora, Mexico, by mean monsoon
precipitation greater than 215 mm (Arundel 2005). Relatively high monsoon rainfall can increase
herbaceous growth and hence fine fuel loads and fire frequency, commonly a factor in
suppressing woody plant populations (McPherson 1995). Vegetative regeneration after fire is
low in L. tridentata, particularly in seedlings (Brown and Minnich 1986; McLaughlin and
Bowers 1982). Alternatively, higher monsoon rainfall may restrict this species’ range more
directly, via soil moisture levels. L. tridentata is typically absent from poorly drained areas and
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soils with well-developed argillic (clay-rich) horizons, but is dominant in adjacent areas with
lower soil clay content (McAuliffe 1994). L. tridentata seedlings’ high oxygen requirement for
root growth (Lunt et al. 1973) presents a possible mechanism behind these range limitations.
Several factors may influence fine-scale distribution of L. tridentata. Individuals tend to be
clumped when small and regularly spaced when large (Phillips and McMahon 1981). Small
individuals are sometimes clustered under Ambrosia dumosa, though it is unclear whether A.
dumosa enhances L. tridentata establishment or whether both are responding to edaphic
microsite conditions (McAuliffe 1988). Allelopathy may inhibit root elongation (Mahall and
Callaway 1992) and may progressively lead to even distributions, while vegetative reproduction
can produce clonal rings several thousand years old and up to 16 m in diameter (Vasek 1980).
A notable feature of many communities of this very long-lived shrub is that stands are often
of only one or several ages, the key determinant appearing to be highly episodic recruitment
(Barbour 1969). Recruitment appears to occur on the order of once every 30 to 100 years
(Bowers 2004; Goldberg and Turner 1986). L. tridentata does not appear to form a persistent
seed bank (Barbour et al. 1977; Reichman 1984), and while germination and first-year survival
are exceedingly rare in this species (Barbour 1968), if its seedlings survive their first year,
subsequent annual survivorship can be remarkably high (92% over the first 7 years, Goldberg
and Turner 1986).
L. tridentata germination requires continuous, plentiful moisture for 24 hours (Barbour
1968), and seedling growth and survival can be greatly enhanced by watering repeatedly
immediately afterwards (Sheps 1973; Went and Westergaard 1949; Ackerman 1979). Under
well-watered greenhouse conditions, L. tridentata seedlings grew 3% per day with relatively low
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root:shoot ratios of 0·3 to 0·6 (Barbour et al. 1974; Walters and Freeman 1983) whereas adult
root/shoot ratios are typically close to or well over 1·0 (Allen et al. 2008; Barbour et al. 1977).
Thus, under favorable conditions, L. tridentata can compensate for low maternal provisioning in
its small seeds (Reichman 1976; Walters and Freeman 1983) by promoting shoot growth for
carbon uptake, at the expense of root growth. Such an allocation pattern would amplify the need
for continued moisture in the days and weeks following germination. However, continuous wet
conditions also have disadvantages, including promotion of fungal growth, which can kill
seedlings (Duniway and Gordon 1986; Vallentine and Gerard 1968) and adult plants (Ewing and
Dobrowolski 1992).
Precipitation patterns have well-known effects on soil moisture dynamics, including
infiltration depth. The larger the rainfall event, the deeper moisture infiltrates and the less
susceptible it is to evaporation. Thus, larger rainfall events result in soil moisture pulses which
affect a larger proportion of the soil column and last longer (Loik et al. 2004, Noy-Meir 1973). It
is well understood that large precipitation events are particularly important for seedling
establishment (Beatley 1974b, Bowers 2004), but the nature of the relationship between event
size and subsequent seedling growth have seldom been considered in detail.
In the Sonoran Desert of southern Arizona, USA, convection storms large enough to trigger
germination are not uncommon during the summer monsoon. While two consecutive rainy days
typically deliver less soil moisture, on average, than the 20 to 25 mm ostensibly required for L.
tridentata emergence (Bowers 2004), three to four consecutive rainy days can potentially meet
this triggering requirement; and such conditions occur several times between July and September
in an average year, while longer rain periods tend to occur only several times per decade (Table
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1). What are the consequences of precipitation frequency and amount for L. tridentata
establishment?
To address this question, we sought to quantify germination, growth and early seedling
development of L. tridentata in response to watering patterns varying from small events which
typically occur several times a year, to larger events which occur every few years, and followed
by either average or above-average monsoon precipitation.

Methods
We expected that initial pulses of water would largely determine infiltration depth, and that
subsequent, more gradual watering over a longer duration would have less influence on
infiltration depth but would affect the overall amount of available soil moisture and thereby
influence photosynthesis rates. Therefore, as roots cannot grow into overly dry soil, we
hypothesized that taproot elongation would be limited by the magnitude of initial events
delivering water at a relatively high rate over a short time period. Our second hypothesis was
that, following the initial pulse of moisture, small daily waterings (representing above-average
rainfall) would increase overall rates of root biomass accumulation compared to small waterings
every other day (representing average rainfall). We did not intend to establish differences in
mortality. Rather, we sought to examine how precipitation patterns may affect root development
in the first stages of life, as an indicator of the ability of seedlings to survive inevitable dry-down
events at later stages.

Experimental design
The experiment was conducted in a greenhouse at the University of Arizona Campus
Agricultural Center in Tucson, Arizona in June 2006. Seeds of Larrea tridentata were supplied
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by Desert Seed Source, Tempe, Arizona, USA. Collected directly from mature plants in the
vicinity of Oracle, Pima County, Arizona, they likely represent a limited range of genotypes.
Pericarps were removed by rubbing the seeds on a sieve with sandpaper. Seeds were soaked for
24 hours in water in the dark and planted (n=4) into each of 96 pots (7·6 × 7·6 × 35·6 cm;
Zipset™, Monarch Manufacturing Inc., Salida, Colorado, USA) filled with a locally collected
sandy loam soil and sealed at the bottom with weed barrier cloth to allow water to drain while
retaining the soil. Pots were arranged in 3 blocks by distance from an evaporative cooler and
treatments were randomly distributed within blocks.
Our experimental design was full factorial with four initial watering treatments (triggering
days = 10 mm day-1 for 2, 3, 4 or 5 successive days) and two follow-up watering regimes (posttrigger watering frequency = 5 mm daily or every other day) for a total of eight treatment
combinations. These treatments were based on an analysis of a 30 year record (1975-2005) of
daily rainfall from July to September at the Santa Rita Experimental Station, in southeast
Arizona (SRER 2007, Table 1).
Pots were irrigated individually through a drip line system (Bowsmith® 2 gallon h-1 6-way
emitters), with a flow meter (Sensus™) calibrated to deliver 5 mm per pot in a single session. On
triggering days, pots received 5 mm in the morning and 5 mm in the evening. In the post-trigger
phase, 5 mm were applied either once per day or every other day, in the morning. Thus, we
irrigated when evaporative demand was below its afternoon peak, establishing conditions
analogous to those expected under natural storm conditions, i.e., reduced light intensity and
temperature.
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Day of emergence was recorded for all seedlings. After the first seedling emerged in a pot,
subsequent seedlings were removed to maintain one plant per pot. Start dates were staggered
over five consecutive days, such that the post-trigger phase of the experiment began on the same
day in all treatments. Harvests at the end of the experiment were also staggered, occurring over
five days. Pots receiving three or five triggering days were harvested after 16 days; pots
receiving two or four triggering days were harvested after 17 days. This allowed us to vary
trigger duration independently of post-trigger watering frequency and avoid watering patterns
immediately prior to harvest being influenced by trigger duration (i.e., the final watering day for
all treatments was two days before harvest, irrespective of trigger duration). At harvest, pots
were cut open and intact root systems were carefully separated from the soil. Roots and shoots
were oven dried at 70 oC for 48 h and weighed.

Soil characteristics
The soil had low gravimetric N and organic C content (0·11 ± 0·01 ‰ and 1·07 ± 0·03 ‰,
respectively) and high carbonate C content (5·85 ± 0·17 ‰; n = 6 samples; ECS 4010 elemental
analyzer, Costech Analytical Technologies Inc., Valencia California; Harris et al. 2001). In these
respects, the soil was broadly typical of drylands such as the Sonoran Desert (Pitty 1979; Throop
and Archer 2008). Texture was determined by hand to be sandy loam (Thien 1979). Bulk density
was 1·43 ± 0·06 g cm–3 (n = 4 pots) and approximated that of soils at a nearby field site (Throop
and Archer 2008). Saturated water content was 16·8 ± 1·6 % w/w (n = 6).

Statistical analysis
Statistical tests are summarized in Table 2. To test our hypotheses, we performed analysis of
variance (ANOVA) on log(taproot length) and log(root biomass), with triggering days, post-
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trigger watering frequency and their interaction as explanatory variables. To enable discussion of
taproot elongation in the context of seedling emergence and biomass accumulation more
generally, we also performed ANOVAs on day of emergence, arcsine√(proportion of
emergence), log(shoot biomass) and √(root/shoot biomass), again with triggering days, posttrigger watering frequency and their interaction as explanatory variables. Proportion of
emergence was based on all four seeds planted in each pot. All other statistics were based on
only the first-emerging seedling of each pot, these being the seedlings that were allowed to go
through to harvest.
As log(root mass) and log(taproot length) responses to trigger duration were markedly
different at 5 triggering days, we performed post-hoc analyses of covariance (ANCOVA) on
these dependent variables confined to 2 to 4 triggering days, triggering days being the covariate
(regression component of the ANCOVA) and watering frequency being a categorical (ANOVA
component of the ANCOVA) (Doncaster and Davey 2007). To determine treatment effects on
taproot length independently of root mass, ANCOVAs were performed on log(taproot length)
with log(root mass) as the continuous covariate and a) triggering days, b) triggering days, posttrigger watering frequency and their interaction as categorical explanatory variables. To assess
the influence of time to emergence on total biomass at harvest, we performed a regression with
emergence day as explanatory variable and log(total biomass) as dependent variable.
Due to the staggered experimental design, seedlings grew for either 16 or 17 days. To
determine whether this had any unintended effects, we analyzed final harvest data in two ways,
either using the raw harvest data as measured or adjusting the harvest data in groups that grew
for 17 days by multiplying by 16/17. There were only minimal discrepancies in the P values
calculated for the raw and adjusted data sets (P values < 0·05 typically decreased, by up to 20%,
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using the adjusted data); and there were no changes in statistical conclusions, in that raw and
adjusted data showed exactly the same relationships to be significant for all response variables.
Here, we report only results based on analyses of unadjusted raw data except for the one instance
where adjusting the data for experiment duration increased a P value that was < 0·05. For that
case, the regression of log(total biomass) against emergence day, we report the results for both
the raw and the adjusted data.
For all tests, α=0·05. Data transformations were applied as necessary to achieve
homoscedasticity and normality of residuals. We used the Tukey-Kramer test for multiple
comparisons, with a global error rate of 0·05. Block was not a significant factor except for
emergence proportion, so we eliminated block as a factor in the analysis of all other dependent
variables but analyzed emergence proportion as for a blocked design by taking means within
each block. We used SAS 9.2 (SAS Institute Inc., Cary, North Carolina) for all analyses.

Results
At harvest, each seedling still had both cotyledons and had produced no more than two true
leaves. Maximum taproot length was 30 cm; none were long enough to have become
significantly constrained in the 35 cm deep pots. There was no mortality prior to harvest.
Emergence rates, based on all four planted seeds and averaged by block, were significantly
increased by higher numbers of triggering days and by higher post-trigger watering frequency
(Table 3). However, the only significant pairwise differences were that emergence proportion
was lower under 55 mm total water than under treatment combinations with 90 mm or 100 mm
total water (Fig. 1).
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There was a very weak negative relationship between emergence day and total biomass at
harvest [adj R2 = 0·037, P = 0·057 for regression of log(total biomass) against emergence day;
adj R2 = 0·049, P = 0·0488 for regression of log(total biomass per day) against emergence day].
Seedlings allowed to go through to harvest emerged between days 6 and 12 of the experiment
and within this set there were no significant treatment effects on emergence day.
There were no significant treatment effects on shoot biomass (Fig. 2a). By contrast, root
biomass was affected by the number of trigger days, the post-trigger watering frequency and
their interaction, which together explained 34% of the total variation (Table 3). Higher watering
frequency in the post-trigger phase increased root biomass, except among seedlings experiencing
five triggering days (Fig. 2b).
Across the experiment, the mean ± SE root/shoot ratio was 0·93 ± 0·09 and √(root/shoot
biomass ratio) was 0·90 ± 0·04. Treatment main effects on √(root/shoot biomass ratio) were nonsignificant, but a significant interaction term (P = 0·0370) reflected that with daily follow-up
watering, √(root/shoot biomass) was higher with 3 or 4 trigger days than with 5 trigger days.
Taproot length was strongly affected by the number of triggering days, but not by the posttrigger watering frequency, and the interaction between these two factors was only marginally
significant (Fig. 2c; Table 3). Considering only triggering days 2 through 4, ANCOVAs revealed
that taproot elongation increased markedly with the number of triggering days, while root
biomass was not influenced by trigger duration; and higher post-trigger watering frequency
significantly increased both root biomass and taproot length (Table 4, cf. Figs. 2b and 2c).
In ANCOVAs using root biomass as a covariate of taproot length, the number of triggering
days had a significant effect on taproot length that was independent of root biomass (Fig. 2d,
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Table 5): taproots were shorter than expected based on root biomass alone when given two or
five triggering days and longer than expected when given an intermediate number of triggering
days. Thus, either too little or too much water applied during germination stunted taproot
elongation.

Discussion
The first weeks of life of desert perennials are most precarious. Once the germination process is
set in motion, emerging seedlings rely on continuous moisture availability at the soil surface.
Some species with high maternal provisioning in seeds develop long taproots well before their
cotyledons break through the soil (e.g., jojoba (Simmondsia chinensis), Gentry 1958), but this is
not possible for small-seeded Larrea tridentata, which must fuel growth from photosynthesis
soon after germination. For such a species, growth is a balancing act between shoot development
(to maintain sufficient assimilation for growth) and root development (to ensure future water and
nutrient supply). For L. tridentata, continuing availability of shallow soil moisture appears
essential for maintaining this balance (Ackerman 1979; Sheps 1973; Went and Westergaard
1949). Our experiment showed that L. tridentata’s success in developing a deep taproot is highly
variable and extremely sensitive to patterns of soil moisture input. It suggests that rainfall during
and in the days immediately following seed germination may have disproportionately large
effects on seedling survival compared to later precipitation patterns via effects on root early
development.
Our irrigation design had two components, with larger irrigation events at the onset of the
experiment to wet the soil column to depth, followed by smaller events meant to keep the upper
portion of the soil column moist with minimal downward replenishment of soil moisture.
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Although we did not quantify soil moisture, visual inspection of soil columns at harvest revealed
that soils were dark (wet) further down under higher trigger treatments irrespective of follow-up
watering level. We expected the depth of the wetting front to limit taproot elongation, on the
assumption that root tips cannot grow through dry soil. Furthermore, we expected that posttrigger watering frequency would primarily influence growth rate, and therefore the time
required for roots to reach the lower portion of wetted soil. Excluding the unexpected negative
response to five triggering days, these expectations were largely substantiated: seedlings watered
daily did accumulate more root biomass and developed longer taproots (Figs. 2b, c; Table 4).
However, while taproot length was positively correlated with the number of triggering days, root
biomass was not. This suggests that the depth of sufficiently wet soil primarily affects root
allometry, while the amount of biomass allocated below ground is more a function of soil
moisture within the seedling’s root zone. Although seedlings that emerged earlier had slightly
greater total biomass at harvest, size differences due to emergence were independent of
treatment. Soil moisture effects on biomass were therefore due to differential growth rates and
not mediated by time to emergence.
Shoot development in L. tridentata was surprisingly unresponsive to irrigation regimes that
caused nearly four-fold differences in root biomass (Fig. 2a, b). This suggests that early shoot
development, at least until the second true leaf stage, follows a strict developmental program,
while root development is more plastic. It also suggests that the size of the root system and the
survival odds of young seedlings cannot be reliably judged from shoot size.
The step from four to five triggering days elicited an entirely different below-ground
response with much reduced root biomass and taproot length, especially in the daily post-trigger
watering regime. The treatment combination with four triggering days and daily watering
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received as much water over the course of the experiment as the treatment with five triggering
days and daily watering (100 mm, Table 1, Fig. 1). Nevertheless, seedlings in these two
treatments showed the greatest disparity in biomass and taproot elongation (Figs. 2b, c).
Differences in seedling development were thus unrelated to the total amount of water applied or
the post-trigger watering schedule. Excessive moisture can lead to fungal intrusion (e.g.,
“damping-off”; Trout et al. 1990; Vallentine and Gerard 1968), but this is an unlikely
explanation for the low root growth observed after five triggering days as there were no visible
signs of fungal infection or root necrosis. Rather, the higher initial water content of the soil
column after five triggering days seems a more likely cause of stunted root development. A
possible mechanism behind this response would involve L. tridentata’s high soil oxygen
requirement, as moderately waterlogged conditions can arrest root growth (Lunt et al. 1973).
Accordingly, the fifth application of 10 mm water may have sufficiently saturated the soil
column such that gaseous diffusion was significantly reduced at depths below 10 to 15 cm,
driving oxygen levels at the root tip below tolerable levels.
The experiment clearly indicated that rates of taproot elongation were not controlled solely
by rates of below-ground biomass allocation, as the relationship between taproot length and
biomass showed significant non-linearity with respect to the number of triggering days (Fig. 2d,
Table 5). The shortest taproot lengths were seen in treatments receiving either two or five
triggering days, but these patterns were produced by qualitatively different responses. Following
two triggering days, taproots remained short, although plants allocated no less biomass below
ground than after three or four triggering days (Fig. 2b). Either taproot thickness increased or
more lateral roots were initiated. Although we did not obtain data to distinguish among these
possibilities, at harvest there was no visually noticeable variation in taproot width. By contrast,
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after five triggering days and followed by daily watering, plants allocated much less biomass
below ground than in all other trigger durations (Fig. 2b). In addition, taproot length was even
shorter than expected based on below-ground biomass (Fig. 2d). Thus, lack of water infiltration
during germination may confine root vertical development without necessarily impairing total
biomass allocation to roots, while lack of oxygen in the root zone may impair allocation to roots;
and limitations of both excessive and insufficient water appear to enhance lateral root
development and/or taproot thickness.
McAulliffe (1994) noted a conspicuous absence of L. tridentata on geomorphic surfaces with
strongly developed argillic horizons. He suggested that in relatively mesic sites this could be
attributed to the vulnerability of L. tridentata roots to conditions of prolonged water saturation
within the clay-rich portions of the soil profile. Our short-term experiment supports this scenario,
as it indicates that taproot development, ostensibly essential to early seedling survival, would
likely be markedly compromised under such conditions.
Though this experiment was of only short duration, it demonstrated that the very first days of
seedling development can be greatly influenced by rainfall patterns, with potential consequences
for post-emergence survival. In L. tridentata, more precipitation may be expected to produce
higher germination rates (Fig. 1), but conditions producing the highest germination rates may
also produce seedlings with the most impaired root systems. Many potential recruits may be lost
due to insufficient post-emergence root development, unable to access the deeper soil moisture
which drives both transpiration and phenology in mature plants (Kurc and Benton 2010). Our
conclusion is not only that both too much and too little water inhibit the optimal development of
L. tridentata’s root system, but that the gap between too little and too much water appears to be
remarkably narrow, leaving this species with a relatively restricted range of suitable
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establishment conditions. This could, in part, explain the rare and episodic recruitment reported
in this species. It would also suggest that changes in climate, particularly in precipitation timing,
amount, frequency and variability, could impact recruitment in L. tridentata more than in other,
less discriminating species.
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Tables
Table 1. Long-term (1975-2005) storm duration frequencies and average summer monsoon season (July-September) rainfall (mm) at
the Santa Rita Experimental Range (SRER) in southeastern Arizona, USA (SRER 2007), compared with treatments used to trigger
germination in this study. Also shown are the total amounts of water applied after the initial germination trigger.
Precipitation at SRER, southeast Arizona

Equivalent experimental
germination trigger

Cumulative water applied in 5 mm
increments in post-trigger phase (mm)

Number of
consecutive
days of rain in
July - Sept

Frequency
of the event
(y-1)

Average
cumulative
rainfall during
period (mm)

Number of
days at 10
mm per day

Water delivered
during trigger
phase (mm)

Irrigated
daily

5
4
3
2

0·32
1·13
3·10
7·26

55·6
36·3
25·0
15·5

5
4
3
2

50
40
30
20

50
60
60
70

Irrigated on alternate days

25
30
30
35
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Table 2. Summary of statistical tests (ANOVA, ANCOVA and regression analyses, according to
the classes of explanatory variable(s)). Treatments were 10mm water per day for 2, 3, 4 or 5
initial trigger days, followed by 5mm water at a frequency of either once every day or every
other day. Data are presented in: 1: Fig. 1; 2: Fig. 2. Statistical results are presented in the text and
in: 3: Table 3; 4: Table 4; 5: Table 5.
Dependent variable

Explanatory variables
Categorical

day of emergence

Continuous

trigger
days

post-trigger
frequency

trigger ×
frequency

arcsin√(emergence rate
(%))

trigger
days

post-trigger
frequency

trigger ×
frequency

2, 3

log(root biomass)

trigger
days

post-trigger
frequency

trigger ×
frequency

log(shoot biomass)

trigger
days

post-trigger
frequency

trigger ×
frequency

√(root/shoot biomass)

trigger
days

post-trigger
frequency

trigger ×
frequency

log(taproot length)

trigger
days

post-trigger
frequency

trigger ×
frequency

5

log(taproot length)

trigger
days

post-trigger
frequency

trigger ×
frequency

2

log(taproot length)

trigger
days

4

log(taproot length)

post-trigger
frequency

trigger days
(2 to 4 days only)

4

log(root biomass)

post-trigger
frequency

trigger days
(2 to 4 days only)

1, 3

2

2, 3

log(total biomass)

log(root biomass)
log(root biomass)

day of emergence
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Table 3. Analysis of variance summary for Larrea tridentata seedling emergence, based on four seeds per pot; and final harvest data,
based on the first seedling to emerge per pot. ‘SS’ denotes sums of squares and ‘df’ degrees of freedom.
Treatment

Log Taproot Length

Log Root Biomass

Arcsin√ Emergence Rate (%)

df

SS

F
ratio

P

df

SS

F
ratio

P

df

SS

F
ratio

P

Model

7

1·57

5·36

0·0001

7

2·87

4·27

0·0008

7

1·36

4·85

0·0043

Trigger
days

3

1·12

8·96

<0·0001

3

1·47

5·09

0·0035

3

0·56

4·69

0·0156

Post-trigger
frequency

1

0·10

2·38

0·1285

1

0·44

4·58

0·0367

1

0·69

17·17

0·0008

Days ×
Freq

3

0·36

2·84

0·0460

3

0·88

3·06

0·0355

3

0·11

0·91

0·4568

Error

55

2·30

56

5·39

16

0·64
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Table 4. Summary of analysis of covariance results for log(root biomass) and log(taproot length)
with the number of triggering days as covariate, excluding triggering days = 5. ‘SS’ denotes
sums of squares and ‘df’ degrees of freedom.
Treatment

Log Root Biomass

Log Taproot Length

df

SS

F ratio

P

df

SS

F ratio

P

Model

2

1·11

5·89

0·0054

2

0·47

6·11

0·0046

Trigger days

1

0·12

1·26

0·2682

1

0·25

6·49

0·0145

Post-trigger
frequency

1

1·10

11·68

0·0014

1

0·34

8·84

0·0048

Error

43

4·16

43

1·67
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Table 5. ANCOVA table for log(taproot length) with log(root biomass) as covariate. ‘SS’
denotes sums of squares and ‘df’ degrees of freedom.
Treatment

Log Taproot Length
df

SS

F ratio

P

Model

8

2·75

16·46

<0·0001

Log (Root biomass)

1

1·18

56·33

<0·0001

Trigger days

3

0·37

5·76

0·0026

Post-trigger
frequency

1

0·00

0·00

0·9429

Days × Freq

3

0·03

0·39

0·7199

Error

54

1·13
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Figure Legends
Fig. 1 Mean ±SE emergence (%) of all seeds planted as functions of the number of triggering
days and post-trigger watering frequency (daily vs. alternate days; Table 1). Means based on 48
seeds (four seeds pot-1; four pots block-1; three blocks treatment-1). See Table 3 for ANOVA
summary. Values with different letters were significantly different (Tukey-Kramer test, α = 0·05,
with arcsine square root transformation). Values are annotated in italics with total depth of water
applied (mm).

Fig. 2. Influence of the number of triggering days and post-trigger watering frequency on mean
(a) shoot biomass; (b) root biomass; (c) taproot length; and (d) marginal taproot length after
adjusting for the effect of root biomass (bars indicate SE). Within each post-trigger frequency
(panels a, b and c), values with different letters were significantly different (Tukey-Kramer test,
α = 0·05). In panel d, the data were pooled for post-trigger frequency, since this factor had no
significant effect in the analysis of covariance (see Table 4).

74

Figures
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APPENDIX B
SEEDLING RESPONSES TO WATER PULSES IN SHRUBS WITH
CONTRASTING HISTORIES OF GRASSLAND ENCROACHMENT
STEVEN R. WOODS • STEVEN R. ARCHER • SUSAN SCHWINNING
(Published in the journal PLoS ONE 9(1):e87278 DOI: 10.1371/journal.pone.0087278)
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Abstract
Woody plant encroachment into grasslands has occurred worldwide, but it is unclear why
some tree and shrub species have been markedly more successful than others. For example,
Prosopis velutina has proliferated in many grasslands of the Sonoran Desert in North
America over the past century, while other shrub species with similar growth form and life
history, such as Acacia greggii, have not. We conducted a glasshouse experiment to assess
whether differences in early seedling development could help explain why one species and
not the other came to dominate many Sonoran Desert grasslands. We established eight
watering treatments mimicking a range of natural precipitation patterns and harvested
seedlings 16 or 17 days after germination. A. greggii had nearly 7 times more seed mass
than P. velutina, but P. velutina emerged earlier (by 3.0 ± 0.3 d) and grew faster (by 8.7 ±
0.5 mg d-1). Shoot mass at harvest was higher in A. greggii (99 ± 6 mg seedling-1) than in P.
velutina (74 ± 2 mg seedling-1), but there was no significant difference in root mass (54 ± 3
and 49 ± 2 mg seedling-1, respectively). Taproot elongation was differentially sensitive to
water supply: under the highest initial watering pulse, taproots were 52 ± 19 mm longer in
P. velutina than in A. greggii. Enhanced taproot elongation under favorable rainfall
conditions could give nascent P. velutina seedlings growth and survivorship advantages by
helping reduce competition with grasses and maintain contact with soil water during
drought. Conversely, A. greggii’s greater investment in mass per seed appeared to provide
little return in early seedling growth. We suggest that such differences in recruitment traits
and their sensitivities to environmental conditions may help explain ecological differences
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between species that are highly similar as adults and help identify pivotal drivers of shrub
encroachment into grasslands.
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Introduction
Encroachment of shrubs and trees in semiarid grasslands and savannas has been widely
documented [1,2]. In contrast to biological invasion, in which a non-native species is
introduced and rapidly spreads through the community, woody encroachment often
represents the increased abundance of shrub or tree species within or close to their historic
ranges. To explain this phenomenon, studies of woody plant proliferation in grasslands
have concentrated on the attributes of aggressively encroaching species, the grasslands they
encroach into and the climatic and disturbance regimes that favor establishment [2-4].
However, one aspect often overlooked is that typically just one or very few of the many
woody species in a regional flora encroach aggressively [5]. For instance, numerous shrub
species are common in the Sonoran Desert of North America but, of these, only Prosopis
velutina (velvet mesquite, a deciduous shrub) and Larrea tridentata (creosote bush, an
evergreen) have spread rapidly and extensively into semi-arid grasslands of the region
[under relatively mesic and xeric conditions, respectively; 6]. Why is it that P. velutina has
proliferated in grasslands while other native shrubs with similar growth form, function, life
history and habitat, such as Acacia greggii (catclaw acacia) have changed little in
abundance (Fig. 1)? We suggest that comparative studies [7] of encroachers and nonencroachers that co-occur in the same area may help identify key traits and drivers of
woody encroachment, similar to approaches taken in invasion ecology [3], but with a focus
on comparing native species.
Dryland shrub mortality rates are typically highest in the seedlings’ first year [8],
but woody plants are highly persistent once established. Bowers et al. [9] found
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approximately 25% mortality of long-lived perennials during the first 20 days after
emergence in the Sonoran Desert, and Brown and Archer [10] found that most Prosopis
glandulosa seedlings which survived the first two weeks survived at least two years.
Among long-lived woody plants, it is therefore likely that differences in encroachment
potential may be explained, at least in part, by differences in sensitivities to biotic and
abiotic factors operating at the nascent stages of seedling establishment [11]. Attributes
such as seed size, seedling growth rate, and patterns of above- vs. below-ground allocation
may help predict what woody species are likely to be successful grassland invaders; but
trade-offs among these traits are difficult to evaluate. For example, larger-seeded species
typically produce bigger seedlings that have potential competitive and establishment
advantages compared to smaller-seeded species [12], but smaller-seeded species tend to
have shorter emergence times and higher seedling growth rates compared to larger-seeded
species [13]. Rapid emergence may be particularly beneficial where conditions suitable for
establishment are ephemeral, a common characteristic in arid and semi-arid environments
[14].
Successful establishment of woody species in water-limited, grass-dominated
ecosystems has also been linked to the rapid development of a taproot that can provide the
seedling with access to persistent water sources at depths not effectively exploited by
grasses [15,16]. This is particularly important for woody species that recruit in the warm
season when the availability of near-surface soil moisture can be highly episodic [17]. In
arid and semi-arid regions of North America, a great majority of rainfall events supply less
than 10 mm water [18]. Some Sonoran Desert perennial grasses can germinate with 11 mm
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rainfall or less [19,20]. However, shrub and tree seeds in the region typically germinate and
emerge as seedlings after rainfall events in excess of 15 mm [9,21]. A single germinationtriggering rainfall event of 15–20 mm may keep the top 20 cm of soil hydrated for up to 20
days [22], but beyond this period a woody seedling can be assured of continual water
supply only if water infiltrates deeper and roots extend below the dry zone. A succession of
large rainfall events can produce deep percolation that permits taproot extension and
favorable establishment conditions [23], but this happens in a minority of years in arid and
semi-arid regions [24]. Interactions between precipitation pulses and early seedling
development vary between species and may help explain differences in recruitment
dynamics among woody species in drylands [25].
This study sought to evaluate the influence of water supply patterns on early
seedling development in an aggressive grassland encroacher (P. velutina) and a cooccurring non-encroacher (A. greggii), and the extent to which these species differ in seed
size, germination dynamics, growth rate, taproot development and root and shoot mass.
Both species are common in riparian areas [6], but P. velutina has markedly proliferated in
uplands in recent decades (Fig 1). Furthermore, while both have been introduced outside of
North America, P. velutina has become invasive in Australia [26] and southern Africa [27],
whereas A. greggii has not [28].
Can differences in shrub seed germination/seedling development attributes help
explain these differences in grassland encroachment potential? We hypothesized that
seedlings of the aggressive encroacher, P. velutina, would exhibit greater responsiveness to
water supply than the non-encroacher, A. greggii. More specifically, we hypothesized that
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the aggressive encroacher would have (1) earlier emergence, (2) higher growth rate and (3)
greater taproot elongation. These hypotheses were tested by germinating seeds and growing
seedlings in a glasshouse for 16–17 days under watering regimes simulating a wide range
of rainfall conditions. We chose this short experimental duration because the days and
weeks following germination are often the most critical for recruitment [8-11] and to
minimize artificialities associated with root development in pots. An experiment of this
duration was expected to reveal characteristic differences between species related to their
abilities to develop deep tap roots and, by extension, their survival odds, if such differences
existed.

Materials and Methods
Experimental species
Prosopis velutina Woot. (velvet mesquite) and Acacia greggii A. Gray (catclaw acacia) are
members of the Fabaceae and native to the Sonoran Desert of northern Mexico and
southwestern USA [29,30]. They are long-lived shrubs with arborescent growth potential
[6]. Both species are winter-deciduous and drought tolerant [6,31], can regenerate
vegetatively after fire [32], and are deeply rooted when mature [33], with roots reportedly
capable of exceeding 50 m depth [34,35].
We obtained the seeds used in our experiment from Desert Seed Source, Tempe,
Arizona. A. greggii seeds were from the vicinity of Oracle, Arizona and P. velutina seeds
were from nearby Sonora, Mexico. Although we could not control for seed age per se,
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seeds of both species are known to remain viable decades [36] and were collected within 3
y of the study.

Experimental design and context
We conducted the study in June and July 2006 in a glasshouse at the University of Arizona
Campus Agricultural Center in Tucson, Arizona, USA on potted plants subjected to eight
different watering regimes. Each species × water combination was replicated 12 times and
randomly assigned within three blocks arranged by distance from an evaporative cooler.
Species, watering treatments and soil type were chosen to represent conditions at the Santa
Rita Experimental Range (SRER), Arizona, USA (32°16’N, 110°56’W), a Sonoran Desert
field site with long-term records of climate and vegetation dynamics which has undergone
significant woody plant encroachment.
P. velutina has proliferated markedly at SRER since 1902, such that P. velutina
presently dominates what were historically grasslands on sandy loam or loamy sand soils in
the 900–1300 m elevation zone [37,38]. Other woody members of the Fabaceae present at
lower densities than P. velutina include A. greggii and Parkinsonia florida (Benth. ex A.
Gray) S. Watson. Larrea tridentata (Sesse & Moc.) Cov. (creosote bush) is the dominant
shrub at lower, drier elevations and Quercus spp. dominate at higher elevations. Mean
annual precipitation at SRER increases with altitude, ranging approximately from 275 mm
at about 900 m elevation to 450 mm at 1400 m elevation, and occurs predominantly in the
summer monsoon with a smaller peak in winter [37].
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Watering treatments bracketed precipitation levels considered sufficient to trigger
germination and likely to permit establishment in the Sonoran Desert. In this region,
precipitation events generally have to be at least 15 mm to result in significant germination
of woody plant species [9]. At SRER, mean daily precipitation during the peak of the
summer monsoon season (July–August) averages 2.6 mm d-1. Large events delivering
approximately 10 mm d-1 over 5 consecutive days are relatively rare, occurring on average
once every 3 yr. Events of shorter duration, e.g. those that deliver 15 mm over 2 days, on
average occur 7 times yr-1. We sought to simulate a representative range of these
precipitation conditions by imposing a factorial watering treatment with variable intensities
of germination triggering events (the ‘pulse’ treatment, 10 mm per day for the initial 2, 3, 4
or 5 days) and varying the subsequent watering frequency (the ‘maintenance’ treatment, 5
mm either daily or on alternate days). This resulted in eight total watering treatment
combinations which supplied between 55 and 100 mm of water over a 16 or 17 day period
(Table 1).
We filled the pots (7.6 cm square by 35.6 cm deep) with sandy loam soil from the
SRER. Gravimetric soil N and organic C content were 0.11 ± 0.01‰ and 1.07 ± 0.03‰,
respectively, carbonate C was 5.85 ± 0.17‰ and gravimetric water content at field capacity
was 16.8 ± 1.6%. Maximum plant dry mass per pot volume was 0.16 g L-1, an order of
magnitude lower than the 2 g L-1 upper limit recommended by Poorter et al. [39] to avoid
pot size effects on growth.
In our experiment, all water that was applied infiltrated within a few seconds. This
is not necessarily the case under all field conditions. For example, biological soil crusts can
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decrease surface infiltration rate and amount, though in some cases they can have opposite
effects [40]. The potted soils in our study had no crust, which is typical for Sonoran Desert
grasslands, where biological crusts are at best early successional and dominated by
cyanobacteria, but more commonly absent at sites frequently disturbed by grazing, as is the
case at the SRER [41]. Infiltration depths are also influenced by soil bulk density [42]. Bulk
density of the soils in our experiment was 1.43 ± 0.06 g cm-3 which is within the range of
values reported for SRER soils of similar texture and pedogenesis [43-45]. The infiltration
characteristics in our trials are therefore expected to have been comparable to field
conditions at the SRER.
We closed pots off at the bottom with weed barrier cloth to prevent soils loss. Over
the short duration of the experiment there was no water leakage from the pots, and taproots
did not reach the bottom of the pots in any of the watering regimes.

Experimental methods
Randomly selected air dry seeds of each species were weighed individually (n=30 per
species). We then removed seed coats manually and reweighed the seeds. Seed coat
dormancy was overcome using recommended chemical scarification techniques [36,46] [P.
velutina: 10 min in 20% H2SO4(aq.), A. greggii: 20 min in 80% H2SO4(aq.)]. However,
interpretation of our recruitment data is predicated on the unverified assumption that these
treatments did not differentially alter time to emergence. In the Fabaceae, time to
germination has been reported to increase [47], decrease [48-50], vary non-systematically
[51] or be independent of [52] duration or concentration of acid scarification. However, of
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these studies, those reporting significant effects failed to control adequately for experimentwise Type I error rates in multiple comparisons [53,54]. In addition, Zare et al. [50] found
two durations of sulphuric acid scarification had no effect on time to emergence in Prosopis
juliflora, which, depending on the variety studied, is either closely related to or
synonymous with P. velutina [30].
We imposed the watering regime on day 1 of the experiment at the level of
individual pots through a drip irrigation system. Scarified seeds were soaked in water for 24
h in the dark immediately prior to planting on day 2. Every pot was planted with 4 seeds at
a depth of approximately 10 mm.
Mean emergence was 78% ± 3% for P. velutina and 62% ± 3% for A. greggii. We
recorded day of first emergence for all pots. We also recorded the emergence day of second
and later emerging seedlings per pot, but then removed them to prevent competition. We
staggered the start of the experiment over five days so that the maintenance watering
regime could be established on the same day. Seedling harvests were also staggered,
occurring either on day 16 (for 3 and 5 pulse days) or on day 17 (for 2 and 4 pulse days) of
the experiment, with the purpose of allowing one day without watering immediately before
the harvest in all treatments. At harvest, we separated roots from the soil manually and
measured taproot length immediately. We separated roots from shoots and oven dried both
at 70o C for 48 h prior to weighing them. Results are presented in terms of days since
imbibition rather than days since emergence since the former is initiated in response to a
precipitation event(s) and subsequent seedling survival would depend on (among other
things) the time from imbibition to the next water pulse.
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Data analysis
We compared seed mass, with or without seed coat, between P. velutina and A. greggii
with Student’s t tests assuming unequal variances. Preliminary analyses indicated no
significant effect of block on seedlings (all P > 0.05), so we omit it from all analyses
reported here.
We performed ANOVAs according to the general model:
Y = α0 + α1S + α2P + α3M + α4(S × P) + α4 (S × M)

(1)

where Y is the dependent variable, and independent variables included species (S, 2 levels),
pulse duration (P, 4 levels) and maintenance watering regime (M, 2 levels). Dependent
variables in ANOVAs were time to emergence (the number of days from seed imbibition to
the first appearance of cotyledons above the soil surface); absolute growth rate (AGR);
root, shoot and total dry mass; and taproot length.
AGR was calculated as follows [55]:
AGR=

(seedling

dry mass at harvest) – (mean seed mass)
days from imbibition to harvest

(2)

where the mean seed mass was measured exclusive of the seed coat (mean ± S.E.M.: 22 ± 1
and 196 ± 11 mg for P. velutina and A. greggii, respectively; n = 30 for each species). We
used AGR in preference to relative growth rate to avoid confounding growth rate
differences with seed mass differences [56].
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Time to emergence varied widely among seedlings, giving seedlings different
amounts of time for photosynthesis. To assess the effect of time to emergence on AGR,
root, shoot and total biomass, we conducted ANCOVAs according to the model:
Y = β0 + β 1S + β 2E + β 3(S × E)

(3)

where E is days to emergence of harvested seedlings, i.e. the first seedling to emerge per
pot, and Y is the dependent variable.
The relationship between taproot length and pulse duration (2–5 days) was
approximately linear, so we used linear regression analysis in a mixed model to quantify
the proportional effect of pulse duration on taproot growth. The model was as in equation
(1), except that P was treated as a continuous rather than ordinal variable.
We used the Tukey-Kramer test to determine differences in multiple comparisons
except for differences between species’ overall means and slopes with respect to days to
emergence, for which Student’s t tests were used. Where necessary, log transformations
were used to meet test assumptions of normality and equal variance. We performed all
analyses using JMP 9.0 (SAS Institute, Inc., Cary, NC, USA). All results are reported on a
per live seedling basis.

Results
Seed mass
The mass of P. velutina and A. greggii seeds used in our study fell within the ranges
reported in other studies of these species [57,58]. Mean (± S.E.M.) A. greggii total seed

89

mass (237 ± 10 mg) was 7-fold greater than that of P. velutina (35 ± 2 mg) (t = 20.45, df =
30·92, P < 0.0001). Mean mass with seed coats excluded was 196 ± 11 and 22 ± 1 mg,
respectively, a 9-fold differential (t = 15.18, df = 29.71, P < 0.0001).

Time to emergence
Mean (± S.E.M.) days to seedling emergence for P. velutina and A. greggii were 4.3 (± 0.2)
and 7.3 (± 0.2), respectively. Thus, P. velutina had potentially 3 more days on average for
carbon assimilation (Fig. 2a, Table 2). Species × watering regime (pulse days, post-pulse
frequency) interactions were not significant.

AGR and Biomass
There was no seedling mortality over the course of the experiment. Across watering
treatments, AGR (equation 2, seed coat mass excluded) was higher in P. velutina than in A.
greggii (6.1 ± 0.2 versus -2.6 ± 0.5 mg d-1, respectively; Fig. 2b, Table 2), but whole-plant
biomass at harvest was lower in P. velutina than in A. greggii (122 ± 4 versus 153 ± 8 mg,
respectively; Fig. 2c; see Table 2). This reflected primarily a difference in shoot mass (74 ±
2 mg in P. velutina versus 99 ± 6 mg in A. greggii), as root mass was not significantly
different (Fig. 2c). Root/total mass also did not differ significantly between P. velutina and
A. greggii seedlings (0.40 ± 0.02 and 0.35 ± 0.03, respectively).
In A. greggii, AGR and root, shoot and total mass varied significantly, albeit
without consistent pattern, across watering treatments, whereas P. velutina was relatively
insensitive to watering levels (Fig. 3). This variation was highly correlated with time to
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emergence in A. greggii (all P < 0.0001), but not in P. velutina (all P > 0.30; Fig. 3c,f,i;
Table 3). Overall, species × watering regime interactions were significant (Table 3).

Taproot development
Taproot length increased with pulse duration and with maintenance watering frequency,
and the response was similar between species (Fig. 4, Table 3). Within treatments,
significant species differences were observed only for the longest pulse duration (5 days)
and for this treatment, P. velutina had longer taproots than A. greggii (348 ± 13 mm vs. 295
± 16 mm; Fig. 4a).
The regressions of taproot length on pulse duration had significantly different slopes
across species (t = 2.54, df = 1, P = 0.0121; mixed model treating pulse duration as
continuous, equation 1). Each 10 mm of water added during the pulse phase increased
taproot length by 53 ± 6 mm in P. velutina and just 32 ± 6 mm in A. greggii (both P <
0.0001). Thus, the response to pulse duration was 65% ± 28% greater in P. velutina than in
A. greggii.
Doubling the water added during the maintenance phase from, on average, 30 mm
to 60 mm (Table 1) increased taproot length 56 ± 13 mm in P. velutina and 42 ± 13 mm in
A. greggii (t = 4.37, df = 1, P < 0.0001 and t = 3.14, df = 1, P = 0.0020, respectively). Thus,
for both species, the effect of an additional 10 mm water during the initial pulse was
comparable to the average effect of an additional 30 mm water during the subsequent
maintenance phase.
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Discussion
This study sought to determine whether an explanation for why some shrubs have recently
increased in abundance in grasslands, whereas others have not (Fig. 1), might be related to
patterns of germination and early seedling growth in response to soil moisture availability.
Our glasshouse pot experiment enabled us to tightly constrain environmental conditions
and examine intrinsic responses of P velutina and A. greggii seedlings to variation in
watering regimes while controlling for other factors that might mask those fundamental
differences. An important next step would be to investigate how the intrinsic growth
differences identified in our experiment play out in a natural context where competition,
herbivory, and disturbance (e.g., fire) occur.
P. velutina, the aggressive woody encroacher, had smaller seeds but emerged
earlier, had a higher growth rate and, despite allocating a similar proportion of total
biomass to roots, had taproot elongation rates that were more responsive to the amount of
initial water application compared to the non-encroacher, A. greggii. The similarity in
species’ seedling mass at the end of the experiment is remarkable, considering that P.
velutina started with an embryonic mass only 11% that of A. greggii. P. velutina was able
to close the size gap quickly, increasing its biomass nearly 6-fold compared to its seed
mass, while over the same period A. greggii exhibited slight net negative growth relative to
its initial seed mass (Fig. 2b). This suggests that P. velutina started autotrophic growth
earlier than A. greggii or had cotyledons/true leaves with higher photosynthetic capacities.
The study showed that in a semi-arid environment, where favorable conditions for
seedling growth are short-lived owing to the preponderance of small, pulsed rainfall events,
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greater seed mass does not necessarily confer seedling size or establishment advantages, if
it is associated with longer emergence times. In the larger-seeded A. greggii, AGR was
strongly negatively correlated with days to emergence, i.e., individuals that emerged later
were smaller at harvest. Evaluating the regression of AGR against days to emergence (Fig.
3c) at day 4 (the average number of days that P. velutina took to emerge) suggests that A.
greggii could have accumulated biomass almost as fast as P. velutina, had it emerged at the
same time. Thus, apart from differences in time to emergence, there was little difference in
growth potential between the two species.
The relationship between seed mass and time to germination varies widely among
species [59] but among trees, small-seeded pioneer species tend to germinate more rapidly
than large-seeded late seral species [60]. The greater seed mass in A. greggii compared to
P. velutina may reflect an adaptation in the former to recruiting in more competitive,
wooded habitats such as those in riparian zones, with P. velutina being better adapted to
seizing brief recruitment opportunities created by disturbance in more open and less
competitive environments [12].
Seedling biomass accumulation was not limited by water supply in this experiment,
but water supply patterns still had large effects on seedling development, particularly on
taproot extension. This is important, because access to deeper, persistent soil moisture is
critical to survivorship past the emergence and early growth phase and to establishing
seedlings with some degree of resilience to rainfall fluctuations. For example, between
rooting depths of 16 cm and 35 cm in a semi-arid environment, woody seedling survival
increased approximately linearly both with rooting depth and with moisture at the deepest
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soil reached by roots [16], and in an arid environment, shrub seedling survival through the
wet season increased with water supply, and survival to one year occurred only in a species
which reached relatively stable soil moisture at 40 cm depth within 7 months of
germination [25]. This suggests that day-by-day variation in precipitation patterns over the
short period of seedling emergence and the first days of seedling growth can have
disproportionally large effects on shrub recruitment in a given year. In this context, the
slower taproot elongation of A. greggii under the largest watering pulse may have negative
consequences on seedling survivorship in a field setting. At the highest water supply rate,
taproots in A. greggii were more than 5 cm shorter than those of P. velutina, suggesting
significantly less soil depth access to roots within the 40 cm top-soil layer in which most
soil water is available [61,62]. In comparison, taproots of P. velutina seedlings in the field
reached 38 cm depth at the end of their first growing season and 69 cm after their second
[63], and seedlings of the related species P. glandulosa had taproots extending to 20 cm
with cotyledons present and one true leaf, reached depths > 40 cm four months after
germination, and after one year depended primarily on soil moisture below 30 cm [15].
The taproot elongation response to initial water pulse duration in our study was
near-linear and, compared by units of water applied, stronger than for water applied in
smaller doses in the subsequent maintenance phase. This is explicable by the effect of pulse
regime on water percolation depth and inhibition of root elongation in the transition zone
from wet to dry soil at the wetting front. Root elongation is halved by matric potentials
lower than about -0·5 MP in some species, so roots are generally prevented from growing
into dry soil [64]. In our experiment, repeated initial applications of 10 mm water on
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consecutive days would have driven the wetting front deeper into the soil column by fast,
near-saturated flow [65] and in turn would have allowed taproots to grow deeper. Once the
pulse regime stopped, water would have infiltrated further down more slowly by subsaturated flow, explaining why water applied during the maintenance phase had less of an
effect on taproot elongation. Informal observations at harvest were consistent with this
interpretation (e.g., soil appeared and felt moist from top to bottom in the highest pulse
treatment, and was moister at the top and drier towards the bottom in the lowest pulse
treatment).

Implications for woody plant encroachment into grasslands
The observation that taproot development was regulated almost independently of root
biomass creates additional complexity for dynamic savanna models and the prediction of
woody encroachment trends with climate change. For example, a recent study identified the
“window of opportunity” for recruitment in P. velutina as a summer with non-limiting
precipitation [4]. Our experiment indicates that the definition of “non-limiting”
precipitation is not straightforward, as optimal taproot development during the critical first
few weeks of a seedling’s life may require far more precipitation than is necessary to
maximize biomass accumulation per se during later weeks and months of a seedling’s first
year. Thus, total seasonal precipitation is likely to be an overly coarse measure for
assessing establishment opportunities [66], and recruitment models may be improved by
also incorporating effects of above-average precipitation events on depth of water
penetration into the soil, seedling rooting depth, and subsequent survival.
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Shrub or tree recruitment in arid and semi-arid environments is often thought to be
“episodic”, but there is an ongoing debate whether savanna dynamics or shrub
encroachment are a consequence of intermittent recruitment pulses or relatively continuous
but low recruitment rates [9,11,67,68]. Models suggest both may be required to maintain
populations or explain invasive success [69,70], but numerical analyses beg the biological
question: if seedlings can grow and survive on average amounts of precipitation
(continuous establishment model), what additional advantages are conveyed in very high
rainfall years that could cause recruitment spikes? The interaction between water
percolation depth and taproot development could be the answer. Strong rainfall events at
critical times may be associated with extraordinarily rapid elongation of taproots in those
species that prioritize the development of a deep root system. This could have non-linear,
positive effects, if not on growth rate then on survival in subsequent drought periods.
Conversely, it is possible that weaker taproot response may cause a lack of distinct A.
greggii recruitment spikes in Sonoran Desert grasslands (Fig. 1). If so, this could partly
explain the different encroachment histories of P. velutina and A. greggii.
Differences in P. velutina vs. A. greggii seedling establishment potential in
grasslands may be magnified by additional life-history contrasts, such as differences in
dispersal potential. Seeds of P. velutina, and its close relative P. glandulosa, are encased in
fleshy pods high in energy and nutrients [71]. These pods are consumed by domestic
livestock (cattle, sheep and horses), and a high proportion of the seeds ingested with the
pods can escape mastication and be widely dispersed [72]. Livestock are highly effective
agents of Prosopis seed dispersal not only because they disperse large numbers of seeds
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away from parent plants harboring seed predators, but because they also facilitate
germination by scarifying hard seed coats, and enhance seedling establishment by
depositing viable seed in grazed areas where grass interference and the probability of fire
have been reduced [73]. In contrast, seeds of A. greggii are contained in dry, leathery pods
that are unpalatable to livestock [31,74]. Therefore, while A. greggii may dominate or codominate arroyos and washes where flash flooding disperses seeds and scarifies them [75],
its opportunities for dispersal into uplands may be more limited than those of P. velutina.
Thus, differences in seed dispersal coupled with differences in seedling establishment
potential may help explain why two species representing ostensibly similar plant functional
groups differ so markedly in their abilities to invade grasslands (Fig. 1).
Woody plant establishment in drylands may be affected by herbivory, herbaceous
competition and fire as well as by seed availability and soil moisture [76]. Herbivory can be
a significant cause of woody seedling mortality [77] and removal of seed and seedling
predators can promote shrub recruitment [78]. Herbaceous competition can reduce woody
plant establishment but is often insufficient to exclude woody plants from grasslands [76],
and competitive effects of grasses on young shrub seedlings can be low even on sites with
high levels of grass cover [10,15,67]. Moreover, microsites with low levels of herbaceous
cover and competition are often numerous in semi-arid grasslands [79] and woody plants
often establish during periods of relatively high soil moisture, when below-ground
competition from grasses is reduced [76]. However, grasses can fuel fires which can
suppress or kill woody plant seedlings and saplings, and thereby prevent encroachment into
grasslands [76,77]. Thus, while taproot elongation may be necessary for woody seedling
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recruitment in grassland, it may not be sufficient in and of itself unless constraints imposed
by dispersal, fire, herbivory and/or competition are also relaxed or overcome.
While multiple factors are likely to influence woody plant population dynamics,
there is broad consensus that the worldwide phenomenon of woody encroachment has been
triggered, at least initially, by a release from recruitment limitations accompanying changes
in land use and/or climate [1]. This implies that the critical differences between species that
did and did not became woody encroachers involved traits that (a) were critical to
reproduction (e.g., seed production, dispersal, dormancy, germination) and seedling growth
(biomass allocation and physical structure); (b) were sensitive to changes in climate,
atmospheric CO2 or disturbance regimes; and (c) would have positioned woody
encroachers to achieve greater recruitment success in the new setting. Some of these regime
changes are unlikely to have distinguished between A. greggii and P. velutina (e.g.,
historically more frequent grassland fires would have suppressed both species) and others
may have favored A. greggii more than P. velutina, rather than vice versa. We suggest that
an evaluation of seed and seedling traits critical to early survival, and their differential
sensitivities to historic regime changes, may help explain not just why some woody species
were better able to encroach into grasslands than others, but also which of the multiple
possible drivers of change were pivotal.
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Tables
Table 1: Total amount of water applied under watering treatments.
Maintenance regime:

Pulse duration: initial number of consecutive days at 10 mm d-1
2

3

4

5

Alternate

55 mm

60 mm

70 mm

75 mm

Daily

90 mm

90 mm

100 mm

100 mm

5 mm on alternate or all days
following the initial watering
pulse

Watering treatments were initial pulse duration (four levels, from 2 to 5 days with 10 mm water per day) and subsequent
maintenance regime (two levels, applying with 5 mm water either every day or on alternate days) over a combined duration of 16 or
17 days. Treatments were based on long-term precipitation records at the Santa Rita Experimental Range, Tucson, AZ, USA.
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Table 2. ANOVA analyses for days to emergence, absolute growth rate (AGR; eq. 2), total seedling dry mass and taproot length.
Treatment

DF

Log (Days to Emergence)
%SS

F-ratio

P

AGR
%SS

F-ratio

Total Mass
P

%SS

F-ratio

Taproot Length
P

%SS

F-ratio

P

Model

9

50

19.74

<0.0001

66

36.66

<0.0001

22

5.34

<0.0001

46

16.92 <0.0001

Species

1

42 147.63

<0.0001

44

72.43

<0.0001

6

12.33

0.0006

1

3.35 0.0690

Pulse days

3

7

7.75

<0.0001

8

4.23

0.0065

6

4.68

0.0036

33

36.33 <0.0001

Post-pulse
frequency

1

0

1.48

0.2255

2

2.64

0.1059

1

2.75

0.0991

8

27.90 <0.0001

Species ×
Pulse days

3

2

2.39

0.0706

9

4.90

0.0027

5

3.68

0.0133

2

2.45 0.0655

Species ×
Frequency

1

0

0.00

0.9792

4

6.45

0.0120

3

6.81

0.0099

0

0.61 0.4348

Days to emergence was analysed for within-pot averages (4 seeds pot-1). AGR, total mass and taproot length were evaluated on the
first seedling to emerge per pot. Watering treatments were pulse duration (number of days at start of experiment with 10 mm water
per day) and follow-up watering frequency (post-pulse frequency of 5 mm watering events). Seedlings of P. velutina (n = 96) and A.
greggii (n = 91) were thinned as needed to one per pot and harvested 16 and 17 days after imbibition was initiated.
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Table 3. Summary of ANCOVA analyses for absolute growth rate (AGR, eq. 2) and dry biomass of P. velutina (n = 96) and A. greggii (n
= 91).
Treatment

DF

AGR
%SS

F-ratio

Root mass
P

%SS

F-ratio

Shoot Mass
P

%SS

F-ratio

Total Mass
P

%SS

F-ratio

P

Model

3

70 137.22 <0.0001

19

14.66 <0.0001

33

29.83 <0.0001

31

26.89 <0.0001

Species

1

56

10

13.19

0.0004

22

30.36 <0.0001

19

27.08 <0.0001

Day of emergence

1

8

10.39

0.0015

8

9.72

0.0021

7

9.26

0.0027

8

11.09

0.0011

Species ×

1

5

6.77

0.0100

2

2.00

0.1589

5

7.31

0.0075

4

5.76

0.0175

69.67 <0.0001

day of emergence

Seedlings were harvested 16 and 17 days after imbibition was initiated.

Figure Legends
Figure 1: Canopy cover of Acacia greggii and Prosopis velutina shrubs in a grassland
upland, Arizona, USA. Data were taken from the Santa Rita Experimental Range pasture
8 (from the Santa Rita Experimental Range Digital Database,
http://ag.arizona.edu/SRER/longterm/ltcover.xls.). This pasture was grazed year-round by
cattle at a stocking rate of 250–300 Animal Unit Months.
Figure 2: Mean time to emergence, absolute growth rate (AGR) and dry biomass in
young shrub seedlings. Species were Prosopis velutina (n = 96) and Acacia greggii (n =
91). Time to emergence was evaluated by within-pot averages from 4 seeds pot-1. Biomass
was measured 16 and 17 days after imbibition. AGR was calculated according to equation
2, excluding seed coat mass. P values are from t tests.
Figure 3: Growth rate and biomass responses of young shrub seedlings to watering
treatments. Mean (± S.E.M.) AGR (equation 2; a, b, c) and oven-dry root mass (d, e, f)
and shoot mass (g, h, i) of Prosopis velutina (n = 96) and Acacia greggii (n = 91) seedlings
16 and 17 days after imbibition, in response to pulse duration (number of days at start of
experiment with 10 mm water per day; panels a, d and g) and follow-up watering (postpulse frequency of 5 mm watering events; panels b, e and h). Panels c, f, and i depict
regressions against day of emergence (time between imbibition and cotyledon emergence)
of harvested seedlings for P. velutina (dashed lines) and A. greggii (solid lines). Means
with different letters were significantly different (Tukey-Kramer test, α = 0.05).
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Figure 4: Taproot length responses of young shrub seedlings to watering treatments.
Mean (±S.E.M.) taproot length of Prosopis velutina (n = 96) and Acacia greggii (n = 91)
seedlings at harvest (16 and 17 days post-imbibition) in response to pulse duration (number
of days at start of experiment with 10 mm water per day) and follow-up watering (postpulse frequency of 5 mm watering events). Values with different letters differed
significantly (Tukey-Kramer test, α = 0.05).
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APPENDIX C
PHENOTYPIC PLASTICITY AND EFFICIENCY IN SHRUB SEEDLING ROOT
DEVELOPMENT: IMPLICATIONS FOR GRASSLAND ENCROACHMENT
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Summary
1. Woody plant encroachment into grasslands has been widely-reported, worldwide. Several
environmental drivers have been proposed, but the debate on causation has not addressed why only a
few of the many species of woody plants in a flora have proliferated. We ask whether seedling traits
linked to early growth and survivorship might distinguish encroachers from non-encroachers.
2. We examined four co-occurring, common and functionally similar woody Fabaceae species native to
North American hot deserts: Prosopis glandulosa and Prosopis velutina, which have proliferated
markedly in desert grasslands since the early 1900s, and Parkinsonia aculeata and Parkinsonia florida,
which have not. We focused on early root development, which is critical to seedling survival and
establishment in drylands.
3. We quantified seed mass and grew seedlings for two weeks under three watering regimes. Afterwards,
we measured taproot lengths and the dry mass of taproots, lateral roots and shoots.
4. The two encroaching Prosopis species had lower seed and seedling mass and their growth rates were
more greatly reduced by low water supply than the non-encroaching Parkinsonia species. Taproot length
was affected by the watering treatment but did not differ significantly between species. The Prosopis
species had greater specific taproot length (taproot length/taproot biomass) and, unlike the Parkinsonia
species, shifted biomass allocation from lateral roots to taproots in response to low water availability.
5. Mass-efficient and plastic taproot development could help nascent Prosopis seedlings overcome a
potentially critical drought survival disadvantage of smaller seed size. Consequently, population-level
advantages of small seed size could enhance proliferation success in Prosopis while minimally
compromising seedling establishment potential.
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6. Synthesis. The differences we observed between seedlings of encroachers and non-encroachers were
relatively subtle and illustrate trade-offs among adaptive traits rather than decisive advantages or
disadvantages. We suggest that combinations of factors influencing multiple demographic transitions
may influence encroachment ability. An encroaching species may not outperform non-encroachers at all
life stages, but must be responsive to environmental drivers of encroachment and able to overcome all
environmental barriers to every life stage transition. Accordingly, demographic tradeoffs, trait values
and sensitivity to change must be considered at multiple life stage transitions.

Key-words: Adaptive plasticity, demographic bottleneck, phenotypic plasticity, plant traits,
recruitment, taproot development, vegetation change
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Introduction
There has been a worldwide trend of woody plant encroachment into grasslands (Archer, Schimel &
Holland 1995; Van Auken 2000; Eldridge et al. 2011). In many cases the encroachers are native species
that increase in abundance within their historic ranges (Archer 2010). Several drivers have been
proposed to explain this phenomenon, among them: fire suppression, reducing woody seedling/sapling
mortality (Higgins, Bond & Trollope 2000; Sankaran, Ratnam & Hanan 2008); CO2 fertilization,
favoring C3 shrubs and trees over C4 grasses (Polley et al. 1997; Buitenwerf et al. 2012); precipitation
change, with shifts toward more winter rainfall (Brown, Valone & Curtin 1997) and more intense
rainfall favoring trees and shrubs (Sankaran et al. 2005); and livestock grazing, by reducing herbaceous
competition in the establishment phase or by reducing fire frequency or intensity (Scholes & Archer
1997; Van Langevelde et al. 2003). Drivers may be mediated by relatively static conditions such as soil
texture and topography (Wu & Archer 2005; Hoffmann et al. 2012). However, the proposed
mechanisms are all very general and could apply to almost any woody plant species, leaving
unexplained the fact that very few woody species have become aggressive encroachers into grasslands
(e.g., Barger et al. 2011 for North America), or have spearheaded the woody encroachment trend
(Stokes & Archer 2010). Here we ask what distinguishes woody encroachers from non-encroachers and
what this might tell us about the encroachment process.
Proposed drivers of encroachment into grasslands typically involve weakening a key
environmental barrier to a life stage transition, so these questions may be addressed by viewing
population growth as the passage through successive environmental barriers, each of which must be
traversable for encroachment to occur (Fig 1a). For example, high seed predation or a lack of dispersal
may prevent an adequate seed bank forming, herbivory or drought may prevent seedling establishment
even where seed abundance is high, or frequent fire may prevent established seedlings from reaching
maturity (Scholes & Archer 1997; Weltzin, Archer & Heitschmidt 1997; Higgins, Bond & Trollope
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2000; Sankaran, Ratnam & Hanan 2008). Each transition may be contingent upon overcoming multiple
environmental barriers. The permeability of each barrier depends on shared environmental constraints
and each species’ capacity to overcome them and so progress to the next life stage (Midgley, Lawes &
Chamaillé-Jammes 2010). Ultimately, woody species encroaching into grasslands must overcome all
environmental barriers, while non-encroaching species remain constrained at one or more life stage
transitions (Fig. 1b). Encroaching species may not outperform non-encroachers at every barrier or every
life stage, but encroaching species must have no insurmountable barriers to life stage transitions, and are
likely to be more responsive to drivers of encroachment than non-encroaching species.
In this light, we can begin to understand why woody encroachers are the exception rather than
the rule. Very specific conditions may have to be met for a historically contained woody plant species to
become a grassland encroacher: an encroacher may start with fewer major barriers to encroaching
grasslands than most other species, and all remaining significant barriers would have to be lowered by
the drivers of woody encroachment.
Phenotypic plasticity, the responsiveness of an individual’s development to variations in
environmental conditions, has been considered a key trait for invasiveness (Richards et al. 2006),
particularly plasticity in biomass allocation (Funk 2008; Davidson, Jennions & Nicotra 2011). In
principle, plasticity enables species to tolerate a broader range of environmental conditions and may thus
increase recruitment opportunities (Berg & Ellers 2010; Albert et al. 2011). Thus, while woody
encroachment and invasion are not coterminous, a broad niche, enabled by phenotypic plasticity, may be
advantageous to native woody species expanding into grasslands.
Life stage transitions are linked through numerous tradeoffs between plant traits (Crawley 2009).
Across species, seed mass is negatively correlated with seed number and, hence, the number of dispersal
opportunities, while higher seed mass tends to increase mass, stress tolerance and survival at the
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seedling stage (Jakobsson & Eriksson 2000; Henery & Westoby 2001; Moles & Leishman 2008; MullerLandau 2010). Thus, seed mass links two vulnerable transitions for woody plants, those from seed
source to seed bank and from seed bank to established seedlings.
The seed and seedling stages typically undergo the highest mortality rates in perennial plants,
with survivorship increasing after the first few weeks of seedling growth (Fenner 2000; Moles &
Leishman 2008; Fay & Schultz 2009). Seedling recruitment is a critical transition for woody plants in
grasslands and savannas (Midgley, Lawes & Chamaillé-Jammes 2010). In arid and semi-arid systems,
shrub seedling growth and survival is largely limited by water availability (Goldberg & Turner 1986;
Chesson et al. 2004). Thus, soil moisture limitation at the seedling stage is a key environmental barrier
for woody encroachers in drylands.
Water is not only necessary to maintain hydration for immediate growth, but the depth of water
infiltration sets limits to taproot extension (Woods, Archer & Schwinning 2014). For shrubs and trees,
rooting depth is critical to escaping the primary root zone of grass competitors (Brown & Archer 1990;
Jackson et al. 1996; Weltzin & McPherson 1997; Bond 2008) and to maintaining a continual water
supply to ensure future seedling survival (Padilla & Pugnaire 2007; León et al. 2011). Consequently,
capacity for rapid early taproot elongation may be among the traits that that predispose species to
becoming woody encroachers (Brown & Archer 1990; Weltzin & McPherson 1997).
Accelerated development of a plant organ, such as a taproot, can be achieved by greater total
mass; by allocating a greater proportion of biomass to that organ, at the cost of reduced allocation
elsewhere; or by reducing the cost of production, for example by reducing specific taproot length
(taproot length/root biomass) (Poorter & Remkes 1990). We would therefore expect woody encroachers
to have larger seeds, and hence larger seedlings; or allocate a greater proportion of biomass to taproots;
or have higher specific taproot length, compared to non-encroachers.
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We tested the hypothesis that the woody encroachment potential of species is linked to patterns
of early seedling development, particularly to taproot elongation and trait plasticity, across four
Fabaceae species native to North American hot deserts: Prosopis velutina Woot., Prosopis glandulosa
Torr., Parkinsonia florida (Benth. ex A. Gray) S. Watson and Parkinsonia aculeata L. The Prosopis
species have encroached far more aggressively into grasslands than the Parkinsonia species (Daehler
1998; Pasiecznik et al. 2001; Weber 2003). Yet, these species share many traits that do not hint at their
ecological differences: they are all long-lived, tree-like, deciduous, drought-tolerant, capable of
vegetative regeneration, and produce hard-coated seeds that are potentially long-lived in the soil (Vines
1960; Pasiecznik et al. 2001). However, the Prosopis species have markedly lower seed mass than the
Parkinsonia species (Earle & Jones 1962; Jones & Earle 1966; FAO 1975; Carlowitz 1991; Sliwinska et
al. 2009).
We grew seedlings from seed under a range of watering treatments, similar to conditions
experienced in desert grasslands. We expected the successful grassland encroachers (Prosopis spp.) to
exhibit (1) a biomass allocation strategy that more strongly prioritizes taproot growth compared to the
non-encroachers (Parkinsonia spp.) and (2) greater phenotypic plasticity in response to different
watering levels.

Materials and Methods
The glasshouse study was conducted in July and August 2008 at the University of Arizona Campus
Agricultural Center, Tucson, Arizona, USA. Seedlings were subjected to three watering treatments for
14 days from germination, followed by harvest and determination of dry mass and taproot length. An
earlier experiment (Woods, Archer & Schwinning 2014) showed that taproot growth during the 2 weeks
following seed germination of dryland shrubs can average 30 mm day-1 and that species already
expressed clear differences in root development that could affect survival odds in the field. Thus, an
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experiment of this duration was expected to reveal characteristic, intrinsic differences between species
related to their abilities to develop deep taproots and, by extension, their survival odds, if such
differences existed.

Target Species
The four target species were members of two genera of the Fabaceae: Prosopis velutina Woot. (velvet
mesquite), Prosopis glandulosa Torr. (honey mesquite), Parkinsonia florida (Benth. ex A. Gray) S.
Watson (blue paloverde) and Parkinsonia aculeata L. (Jerusalem thorn). P. velutina and Pa. florida are
common native shrubs in the Sonoran Desert (Turner, Bowers & Burgess 1995; USDA 2011a; USDA
2011b), and P. glandulosa and Pa. aculeata L., common native shrubs in the Chihuahuan Desert
(Benson & Darrow 1981; USDA 2011b).
Since the late nineteenth century, P. velutina and P. glandulosa have spread aggressively into
desert grasslands in the Sonoran and Chihuahuan Deserts, respectively (Bahre & Shelton 1993; Gibbens
et al. 2005). By contrast, Pa. florida and Pa. aculeata have rarely been noted as “problem species”. Data
from the Santa Rita Experimental Range (SRER) in Arizona confirm the general pattern that mature P.
velutina and Pa. florida were largely restricted to riparian areas around 1900, and that P. velutina has
encroached significantly into upland grasslands since that time while Pa. florida and other shrub species
have not (Fig. 2) (McClaran 2003).
Seeds of P. velutina and Pa. florida were obtained from Desert Seed Source, Tempe, Arizona.
Chihuahuan Desert Gardens at El Paso, Texas, provided P. glandulosa seeds, and Sul Ross State
University at Alpine, Texas, supplied Pa. aculeata seeds. Mean seed mass was determined by weighing
30 randomly selected air dry seeds of each species.
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Watering Treatments
Watering treatments were based on mean precipitation occurring in the peak precipitation months of
July and August (the summer monsoon) in the Sonoran and Chihuahuan deserts and were intended to
simulate natural precipitation variation both in mean and variance. The day-by-day irrigation schedule is
shown in Table 1. Two treatments involved the same, high irrigation level, approximating the mean rate
of monsoon precipitation at the SRER in the Sonoran Desert (Table 2), but irrigation was either spread
out over 2 weeks (‘high continuous’ treatment) or concentrated in the first 5 days (‘high pulsed’
treatment). A third, ‘low continuous’ watering treatment was had a similar pattern to the high continuous
treatment but with 59% of the irrigation amount, approximating mean monsoon precipitation at the
Jornada Experimental Range in the Chihuahuan Desert of southwest New Mexico, USA (Table 2).

Experimental Design and Procedure
The experiment was a nested three-factor design with watering treatments (3 levels), genus (2 levels)
and species (2 levels within each genus) and a minimum replication number of 8. More pots were
initially planted to compensate for failure to germinate and seedling mortality. Species and treatments
were randomly assigned to pots (Zipset™), which were 7.6 cm square by 35.6 cm deep and closed at the
bottom with weed barrier cloth. The pots were filled with a dry loam soil (23.8 ± 0.6% clay, 31.3 ± 0.6%
silt, 45.9 ± 1.0% sand, n = 5; Beckman Coulter LS 13 320 laser diffraction) of low N content (0.19 ±
0.01‰ w/w), low organic C content (2.95 ± 0.01‰ w/w) and high carbonate C content (5.55 ± 0.03‰
w/w) (n = 6; ECS 4010 elemental analyzer, Costech Analytical Technologies Inc.; Harris et al. 2001).
Water was applied through a drip line system servicing each pot individually with pressure
compensating emitters (WPCJ 0.5 gallon per hour, Netafim™). The system was calibrated to deliver the
intended doses of water to each pot.
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Seeds were scarified by sulfuric acid to break seed coat dormancy. P. velutina and P. glandulosa
seeds were treated with 20% H2SO4(aq) for 10 minutes, P. florida with 90% H2SO4(aq) for 180 minutes,
and P. aculeata with 100% H2SO4(aq) for 210 minutes. Sulfuric acid concentrations and scarification
durations were based on recommended, published values (Muhktar 1961; Vora 1989; Zodape 1991). On
day 1 of the experiment, seeds were soaked in tap water for 24 h in the dark and planted on day 2, four
seeds to each pot. In each pot, second and subsequent seedlings to emerge were immediately removed.
Ambient air temperatures in the glasshouse ranged from 21 to 41 oC with mean daily maximum 37.5 ±
0.4 oC and mean daily minimum 23.2 ± 0.4 oC.
Seedlings were harvested 14 days after planting. The shoot was excised at the cotyledonary node
and the cotyledons and above-ground portion of the hypocotyl discarded. Taproot length (including the
below-ground portion of the hypocotyl) was measured from the soil surface to the root tip. Roots were
manually separated from soil and the lateral roots separated from the taproot. Root and shoot biomass
were oven dried at 60o C for 48 hours and weighed.

Statistical Analyses
The dependence of total dry mass, taproot length, and specific taproot length (taproot length / taproot
dry mass) on watering regime, genus and species was determined by nested ANOVA. ANCOVA, with
total dry mass as covariate, was conducted on specific taproot length and the biomass allocation ratios
taproot/total mass, lateral root/total biomass and shoot/total mass. This analysis controls for purely
mass-dependent effects on allometry, which could be mistaken for adaptive plasticity when groups of
plants with different average sizes are compared (Weiner 2004; Mägi et al. 2010). Explanatory variables
were genus, species, watering regime and genus × watering regime, with species nested within genus.
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Phenotypic plasticity was quantified for each genus as the mean value under the high continuous
watering minus the mean value under the low continuous watering. Differences in plasticity between
Prosopis and Parkinsonia were evaluated by Student’s t tests within ANOVA and ANCOVA models.
Tukey Kramer HSD tests were used to determine differences between means in multiple
comparisons. The Tukey Kramer global error rate was 0.05 throughout, as was α for all ANOVAs and
ANCOVAs. Data were transformed as needed to meet statistical assumptions but are presented in
figures in their un-transformed state. All analyses were performed using JMP 10 (SAS Institute Inc.,
Cary, North Carolina).

Results
Mean (+ SE) seed mass differed significantly between genera and was higher in the Parkinsonia species
(Pa. florida = 215 ± 7 mg seed-1; Pa. aculeata = 122 ± 2) than the Prosopis species (P. glandulosa = 42
± 1; P. velutina = 35 ± 2).
Total dry mass varied significantly between genera and between watering treatments (Fig. 3a;
Table 3). There were no significant interactions between watering regime and genus. Pooled across
watering treatments, seedling mass was greater in Parkinsonia than in Prosopis (Table 3). There were
no significant mass differences between Prosopis species, but Pa. florida had greater total mass than the
smaller-seeded Pa. aculeata (P = 0.0011). Total mass did not differ significantly between the two high
watering treatments, but was reduced in the low continuous treatment. These similarities between the
high watering treatments and between the Prosopis species were general: no seedling variable quantified
by this experiment showed a significant difference between the two Prosopis species or between the two
high watering regimes. Thus, watering volume but not pattern affected seedling growth. Therefore, we
focus below on differences between the high continuous and low continuous watering treatments.
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Taproots were 35 ± 7% shorter under the low continuous watering and did not vary significantly
between genera or species (Fig. 3b, Table 3). Taproot length responses to water volume were not
significantly different between Prosopis and Parkinsonia.
Specific taproot length differed significantly between species, between genera and between
watering regimes (Fig. 3c). Pooled across watering treatments, specific taproot length was higher in the
Prosopis species than the Parkinsonia species, and higher in the smaller of the two Parkinsonia species,
Pa. aculeata, than Pa. florida (both P < 0.0001). These patterns persisted when correlation with total
seedling biomass was accounted for by ANCOVA (Fig. 3d, Table 4).
Biomass allocation to taproots was negatively correlated with total mass and allocation to lateral
roots was positively correlated with total mass (Table 4). Thus, larger seedlings tended to have lower
taproot / total mass ratios and higher lateral root / total mass ratios than smaller seedlings. After
accounting for correlations with total seedling biomass by ANCOVA, Prosopis allocated a greater
proportion of biomass to taproots and a lower proportion to lateral roots than Parkinsonia, but there
were no significant differences between or within genera in the shoot / total mass ratio (Table 4, Fig. 4).
Under the low watering regime, all species allocated proportionately more biomass to taproots
and less to lateral roots (Fig. 4a,b). These changes in allocation were significantly greater in Prosopis
than in Parkinsonia (both P < 0.005). In Parkinsonia the shift in allocation was explained entirely
through the correlation between seedling mass and allocation. I.e., after correlations with total biomass
were accounted for, watering treatment had non-significant effects on the residuals of biomass allocation
in Parkinsonia (Fig. 4c). However, the effect of watering treatment remained significant on the
allocation residuals for Prosopis, which increased allocation to taproots approximately 6-fold, chiefly at
the expense of lateral roots (P < 0.0001) (Fig. 4d). Thus, Prosopis was significantly more plastic than
Parkinsonia in adjusting taproot and lateral roots allocation according to watering regime (Table 4).
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Discussion
Greater maternal provisioning to seeds tends to increase seedling mass and survival in resource-poor
environments (Jurado & Westoby 1992; Leishman et al. 2000; Moles & Leishman 2008). In grasslands,
greater mass should allow seedlings to grow deeper taproots without compromising allocation to
autotrophic capacity, i.e., to leaves. The seeds used for our study fell well within the mass ranges
reported elsewhere for these species (Earle & Jones 1962; Jones & Earle 1966; FAO 1975; Carlowitz
1991; Sliwinska et al. 2009), and in this respect can be considered representative of the four study
species. The Prosopis species had on average only one quarter of the seed mass of Parkinsonia species,
yet had half the biomass at harvest and kept up with the taproot elongation rate of Parkinsonia species.
The latter feat was achieved through higher specific taproot length and by reducing biomass allocation
to lateral roots under water scarcity.
Our two hypotheses were therefore supported: to compensate for their smaller mass, Prosopis
seedlings grew the same length of taproot with less biomass, and when there was still less biomass to
allocate (in the low watering treatment), they reduced allocation to lateral roots in favor of taproots. This
clearly demonstrated a priority for growing taproots in the first weeks after germination, as well as a
degree of phenotypic plasticity not observed in the two Parkinsonia species.
In contrast to root development, shoot biomass developed along a similar trajectory with respect
to total mass for all four species. Each species allocated about 30% of all biomass to stems and leaves,
suggesting a shared developmental constant for these members of the Fabaceae. Under moisture
scarcity, Prosopis biomass allocation was diverted to taproots principally from lateral roots rather than
shoots. This indicates that, at least in the Prosopis species, lateral roots are more “expendable” than stem
and leaf tissue in the race to establishing a sapling with reasonable odds of surviving the first year.
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Despite having lower taproot growth efficiency and plasticity than Prosopis, the Parkinsonia
species were at no disadvantage in terms of seedling mass or rooting depth. Therefore, they are likely to
have been restricted from dominating grasslands by demographic barriers other than those related to
water supply during early seedling growth. On the basis of differences in encroachment ability, these
barriers are predicted to be less restrictive to Prosopis, and to have not been weakened by historic
environmental and/or land use changes. On the basis of trade-offs between mass per seed and seed
numbers, it appears possible that Parkinsonia faces a dispersal bottleneck that Prosopis does not.
However, if this is the genus’ only restriction, we may expect Parkinsonia to eventually spread into
grasslands, albeit at a much slower rate. The recent trend of increasing Pa. florida cover in Arizona
uplands (Fig. 2) is consistent with this perspective.
Encroaching Prosopis species may take advantage of higher per capita seed production to
increase propagule pressure into grasslands, while buffering against the presumed establishment
disadvantages of low maternal provisioning through efficiency in taproot growth and phenotypic
plasticity. However, efficiency has a cost. For example, thinner roots may be more susceptible to
physical injury or biological attack. There are also likely to be limits to how “thin” the available internal
resources of Prosopis species can be stretched under extreme moisture scarcity. This may help explain
why Prosopis was historically excluded from grasslands. Conversely, even slight improvements in
establishment conditions may have put Prosopis in a far better position to encroach grasslands than
similar, but larger-seeded species. We suggest that a seed-size number tradeoff predisposed Prosopis
species for attaining higher population growth rates in the case that a new habitat should open up.

Conclusion
We introduced this study by suggesting that woody encroachers into grasslands may be more responsive
to environmental or land use changes that have driven encroachment (Fig. 1). In this and a previous
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study, encroaching Prosopis species were more sensitive to variation in water supply than nonencroaching Fabaceae, either in terms of root biomass allocation (this study) or rate of taproot
elongation (Woods, Archer & Schwinning 2014). This indicates that an increase of shallow soil moisture
in grasslands, whether through a change in precipitation patterns and/or reduced water demand due to
diminished grass cover, may facilitate the population growth of Prosopis species more than Parkinsonia
species (Kulmatiski & Beard 2013).
An encroaching species, by definition, must be able to overcome every barrier to each life stage
transition it encounters in a grassland (Fig. 1). In addition, it must be responsive to the driver(s) of
encroachment. Differences in sensitivity to drivers of change helps to explain why few species expand
vigorously into grasslands when conditions change, why they were historically excluded from
grasslands, and why less responsive species are still excluded. This study supported our general
contention that the seedlings of woody encroachers should be more responsive than non-encroachers to
environmental conditions.
However, life stage transitions are typically linked by trade-offs, the seed size/number trade-off
being one of several examples. Therefore, differences between woody encroachers and non-encroachers
are likely due to combinations of traits pertinent to multiple life stage transitions, and their sensitivities
to the environmental barriers whose relaxation initiated encroachment. In the case of our target species,
it appears likely that traits, sensitivities and barriers operating at the seed and seedling stages may help
explain differing encroachment histories. Recruitment traits are embedded within the context of an entire
life history. This could have the seemingly paradoxical effect of species ostensibly less well equipped to
establish in grasslands, becoming more aggressive woody encroachers. Prosopis may have become a
woody encroacher because it required the least environmental change to break through its most limiting
barrier to encroachment.
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Tables
Table 1: Watering regimes for the three experimental treatments. Daily and total values are for water
additions (mm). Scarified seeds were soaked in water for 24 h prior to planting on day 2.
Treatment
High continuous
High pulsed
Low continuous

Depth of water added per day (mm)
Day: 1 2 3 4 5 6 7 8 9 10 11 12 13 14
11 10 0 5 0 5 0 5 0 5 0 5 0 0
11 10 10 10 5 0 0 0 0 0 0 0 0 0
6 6 0 3 0 3 0 3 0 3 0 3 0 0

Total
(mm)
46
46
27
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Table 2: Precipitation patterns at the Santa Rita (Sonoran Desert) and the Jornada Experimental Ranges
(Chihuahuan Desert) for the years 1922-2012 (n = 91) and 1925-2011 (n = 87), respectively (WRCC
2011; SRER 2012).
Site

Mean daily
precipitation, JulyAugust (mm)

Mean annual
precipitation (mm)

Proportion of annual
precipitation occurring
in July-August

Sonoran Desert: Santa
Rita Experimental
Range, Arizona

2.6 ± 0.1 mm

372 ± 10 mm

44 ± 1%

Chihuahuan Desert:
Jornada Experimental
Range, New Mexico

1.6 ± 0.1 mm

245 ± 9 mm

41 ± 2%
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Table 3: Analysis of variation (ANOVA) for biomass and taproot length in 14-day old seedlings.
Species were Parkinsonia aculeata, Parkinsonia florida, Prosopis glandulosa and Prosopis velutina.
Species was nested within Genus. Total mass was square root transformed to meet ANOVA
assumptions of normality and homoscedasticity. Plasticity in response to water quantity (Table 2) is
compared between genera by comparing magnitudes of differences of means under the high continuous
and low continuous watering treatments (Student’s t tests). For each ANOVA, n = 121.
ANOVA

DF

√(Total mass)
SS

Taproot length

F

P

SS

F

P

Model

7 1.23

24.76

<0.0001

76.55

11.01

<0.0001

Genus

1 0.62

87.50

<0.0001

0.06

0.06

0.8073

Species[Genus]

2 0.05

3.36

0.0382

0.10

0.05

0.9530

Watering treatment

2 0.54

38.13

<0.0001

74.86

37.69

<0.0001

Genus × watering

2 0.01

0.81

0.4480

1.99

1.00

0.3698

Error

113 0.79

112.22

Contrast
|high continuous –
low continuous|
Prosopis
vs. Parkinsonia

DF

SS

t

P

SS

t

P

1 0.01

1.05

0.2942

1.95

1.40

0.1638

Table 4. Outcome of three-way analysis of covariance (ANCOVA) for specific taproot length (taproot length / taproot mass) and biomass allocation in
14-day old seedlings. Species were Parkinsonia aculeata, Parkinsonia florida, Prosopis glandulosa and Prosopis velutina. Total biomass was the
covariate and species was nested within genus. Specific taproot length was square root transformed to meet ANOVA assumptions of normality and
homoscedasticity. Plasticity in response to water quantity (Table 2) is compared between genera by comparing magnitudes of differences of means
under the high continuous and low continuous watering treatments (Student’s t tests). For each ANCOVA, n = 121.

ANCOVA

DF √(Specific taproot
length)
SS

log (Taproot mass / total
mass)

Lateral root mass / total
mass

F

P

SS

F

P

SS

F

P

Shoot mass / total mass
SS

F

P

Model

8 72.79

25.09

<0.0001

9.09

27.23

<0.0001

2.43

8.88

<0.0001

0.38

2.66

0.0104

Genus

1 21.31

58.77

<0.0001

0.07

1.70

0.1950

0.09

2.59

0.1106

0.00

0.00

0.9848

Species[Genus]

2

5.80

8.00

0.0006

0.32

3.79

0.0256

0.03

0.39

0.6811

0.03

0.78

0.4609

Watering treatment

2

0.60

1.65

0.2024

0.13

3.18

0.0774

0.00

0.06

0.8126

0.10

5.55

0.0203

Genus × watering

2

1.01

1.39

0.2532

1.05

12.53

<0.0001

0.52

7.60

0.0008

0.04

1.11

0.3321

Total biomass

1

1.68

4.64

0.0335

2.30

55.11

<0.0001

0.41

11.93

0.0008

0.00

0.00

0.9808

Error

112 38.80

4.91

3.79

1.94

Contrast
|high continuous –
low continuous|
Prosopis
vs. Parkinsonia

DF
1

SS
0.57

t
1.58

P
0.2119

SS

t

P

SS

t

0.80

19.20

<0.0001

0.40

11.82

P
0.0008

SS

t

0.03

1.63

P
0.2038
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Figure Legends
Figure 1. Conceptual model of the species selection process in woody plant encroachment into
grasslands. Numbered circles represent woody species and blocks represent composite barriers to
life stage transitions. Passage through each transition can be prevented by multiple
environmental barriers (e.g., predation, nutrient scarcity, disturbance), with success determined
by the environmental parameters and species traits relevant to each barrier for a given transition.
(A) Before encroachment, all species failed to overcome barriers to one or more life stage
transitions. (B) Climate and/or land use changes made one barrier “more porous” (in red), letting
more species transition to the next stage. For one of these species (4), all barriers to
encroachment are now surmountable, while other species are still held back by the same or other
barriers. Thus, there are few encroaching species because the historical changes that initiated
encroachment must relax all significant demographic bottlenecks for the encroacher without
introducing new bottlenecks.
Figure 2. Canopy cover of Prosopis velutina, Parkinsonia florida, Acacia greggii and all other
shrubs and trees (summed, excluding cacti) at the Santa Rita Experimental Range, Arizona, USA
on pastures not experiencing wildfire or brush management (SRER 2012). P. velutina began
encroaching into upland grasslands in the early 1900s, and declines in P. velutina cover since
1990 are thought to reflect density-dependent self-thinning (Browning et al. 2008). Note the
cover scale changes along the y axis.
Figure 3. Mean (+ SE) total mass (a), taproot length (b) and specific taproot length (c; taproot
length / taproot mass ratio, mm mg-1) in 14-day old shrub seedlings under the high pulsed, high
continuous and low watering regimes (Table 2). Panel (d) shows residuals accounting for total
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seedling mass. Species were Parkinsonia florida, Parkinsonia aculeata, Prosopis glandulosa and
Prosopis velutina.
Figure 4. Ternary plots of biomass allocation in 14-day old shrub seedlings. Species were
Parkinsonia florida, Parkinsonia aculeata, Prosopis glandulosa and Prosopis velutina and are
grouped by genus. Watering treatments were high continuous, low continuous and high pulsed
(Table 2). Biomass was partitioned into taproot, lateral root and shoot fractions (mean + 2 SE
taproot mass / total mass, lateral root mass / total mass and shoot mass / total mass). The top
corner of each ternary plot represents 100% allocation to taproots and the bottom side represents
zero allocation. The bottom right corner represents 100% allocation to shoots and the left side,
zero allocation, while the bottom left corner represents 100% allocation to lateral roots and the
right side zero allocation. Lower panels show residuals accounting for total mass. The shifts in
panels a, b and d towards the top corners of the triangles under the low watering treatment
represent significantly increased allocation to taproots compared to the high waterings (Tukey
Kramer tests, α = 0.05, n = 121).
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Abstract
Effective natural resource management relies on accurate and timely information on the natural
environment, which may be obtained by formal (‘scientific’) or informal (‘local’ or ‘traditional’)
methods. Formal monitoring methods are well-documented and widely accepted among the
rangeland science community, yet adoption by US ranchers is inconsistent. In contrast, informal
monitoring appears to be widely used by ranchers, but its practice and importance have rarely
been described or evaluated. By interviewing ranchers and government agency personnel, we
assessed informal monitoring methods, their compatibility with scientific literature and formal
methods, and the roles and perceived advantages of informal and formal monitoring on
rangelands in and around the Altar Valley, Arizona, USA.
Informal monitoring techniques included qualitative visual appraisals of forage quantity,
indicator species abundance and condition, surface water and erosion; and incorporated
environmental history such as prior brush suppression treatments and oral histories of rangeland
conditions. The environmental knowledge embedded in informal monitoring was generally
compatible with natural science. Informal and formal monitoring methods had clear differences
but, often, provided comparable information and served similar uses for management decision
making.
Informal monitoring was conducted continuously throughout the year and provided near realtime, integrated assessments of the majority of the land in individual pastures or ranches. In
contrast, formal monitoring was generally performed only once per year, in a limited number of
areas and settings and with a delay of a few months between observation and completion of
analysis. Thus, there were clear trade-offs with respect to the frequency, spatial extent and
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responsiveness of the two approaches. Although informal monitoring is often discounted in
academic circles for its lack of scientific protocols, it may provide more robust watershed- or
property-scale assessments of resource status than spatially constrained and temporally limited
formal monitoring protocols whose relevance is potentially idiosyncratic, context dependent and
less likely to recognize local within-year changes important for nimble management.
Consequently, ranchers generally considered informal monitoring to be more relevant than
formal monitoring for responding rapidly to unpredictable changes in the natural environment,
and to formulating yearly grazing plans.
Ranchers incorporated informal monitoring into assessments of rangeland trends and outcomes
of conservation measures, and thereby into choices of grazing system and planning of brush
management and erosion control. Thus, informal monitoring was foundational to long-term
rangeland conservation, yearly rangeland management planning, and adaptive management of
natural resources and livestock on sub-yearly timescales. If informal monitoring is of comparable
utility and importance in other rural communities, it would appear advantageous to document
and evaluate informal approaches and to incorporate them into formal conservation planning.

Key Words: coupled natural-human systems – traditional environmental knowledge –local
knowledge – indicator species – adaptive management
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Introduction
Rangeland monitoring is foundational to informed, deliberate management of rangelands
(Elzinga et al. 1998; Holechek et al. 2004). Monitoring enables pasture and livestock
management decisions to account for the condition of land and its plants, animals and soils, and
their responses to human activity and the wider natural environment. Of the various techniques
available, formal ecological monitoring is well-understood and widely advocated (Coulloudon et
al. 1999a; Holechek et al. 2004; Lindenmayer and Likens 2010), and informal or traditional
methods have often been studied in non-industrialised or indigenous societies (Berkes et al.
2000; Thornton and Scheer 2012). However, informal environmental knowledge and monitoring
in industrialised societies is less commonly studied, but can play an important role in natural
resource management (Ballard et al. 2008; Millar and Curtis 1999; Quinn and Dubois 2005).
Informal rangeland monitoring appears widespread among US ranchers but its practice, uses and
value have rarely been documented or assessed (Knapp and Fernandez-Gimenez 2008; Knapp
and Fernandez-Gimenez 2009; Peterson 2010; Sayre 2004).
For our purposes, formal monitoring is defined as standardized procedures based in the
scientific method and widely accepted and used among natural resource management
professionals in academia, NGOs and government agencies (Raymond et al. 2010). Procedures
are well-documented, consistently repeatable and, usually, quantitative and amenable to
statistical analyses, thus minimizing bias and dependence on place or practitioner (Ruggiero
2009). Formal rangeland monitoring methods are developed, practiced and promoted by,
amongst others, the academic community and by US federal agencies within the departments of
agriculture and the interior (Coulloudon et al. 1999a; Holechek et al. 2004; Lindenmayer and
Likens 2010; NRCS 2003; USFWS 1980). Formal monitoring can be effective in assessing and
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improving natural resource management, though efficacy is not guaranteed in all circumstances
and cost can be prohibitive (Elzinga et al. 1998; Lindenmayer and Likens 2010). Published data
on adoption by US ranchers are scarce, but available data suggest it is used on approximately
half the livestock ranches in Arizona (Fernandez-Gimenez et al. 2005; Peterson 2010).
In contrast, informal monitoring is non-standardized, relies on personal practice and
experience, is typically embedded in local cultural and natural environments (Raymond et al.
2010), and is practiced on approximately 95% of ranches in Arizona (Peterson 2010). Informal
knowledge of the natural environment may be localised and may or may not be compatible with
natural science (Ellis 2005; Sillitoe et al. 2004), and informal monitoring procedures typically do
not conform to the scientific method (Raymond et al. 2010). The degree of compatibility
between informal knowledge and natural science is variable and should not be assumed
(Raymond et al. 2010; Tibby et al. 2008). Thus, informal monitoring is vulnerable to charges of
practitioner bias and unreliability, and is typically not officially sanctioned by government
agencies (Ruggiero 2009).
Informal or traditional monitoring can, however, have advantages over formal
monitoring, including greater effective sample sizes (in a broad sense), longer duration and
greater frequency of observation, integration of greater variety of observations, and lower cost
(Moller et al. 2004), attributes which can increase the effectiveness of monitoring as a tool for
understanding ecological change and its causes (Elzinga et al. 1998; Herrick et al. 2006;
Lindenmayer and Likens 2009; Vaughan et al. 2001). Thus, informal and formal monitoring may
be to some extent complementary, and incorporation of both systems may improve the
management of natural resources (Reed et al. 2013).
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If informal and formal methods are to be integrated, informal methods must first be
clearly identified and their validity and reliability assessed (Raymond et al. 2010). It is common
to equate the validity of traditional environmental knowledge with its degree of conformance to
formal science (Ellis 2005; German 2010). However, disagreements between the two knowledge
systems can be due to inadequacies of formal science (Ellis 2005; Fairhead and Scoones 2005).
Bias in favor of either informal or formal monitoring should be minimized, for example by
assessing compatibility between the two systems rather than treating one system as a benchmark
or standard reference (Ellis 2005). Then, apparent contradictions between informal and formal
knowledge would represent opportunities to re-evaluate and refine both sets of observations and
conclusions, and thereby improve or correct either or both of them.
Formal rangeland monitoring methods are typically evaluated and selected with reference
to their purpose and application, whether in ecological research or natural resource management
(Elzinga et al. 1998; Lindenmayer et al. 2011). We suggest that informal monitoring should be
similarly evaluated. Informal monitoring is known to vary between practitioners and regions
(Raymond et al. 2010). In this study our objective was to document and evaluate the informal
rangeland monitoring practiced in one ranching community and compare it with formal
monitoring. Thereby, we assess the compatibility and complementarity of the two monitoring
systems and their utility to local rangeland management and conservation. We used qualitative
methods to gain detailed, in-depth understanding of rangeland monitoring practices, their
application to rangeland management, and the perspectives of participants on their utility (Patton
2002; Sayre 2004). We submit that such description and analysis are necessary if we are to
determine whether it is feasible and meritorious to integrate the two methodologies (Ellis 2005;
Huntington 1998).
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Methods
Biophysical Setting
The study area comprises the Altar Valley and adjacent rangelands in the Santa Cruz Valley in
Pima and Santa Cruz counties, Arizona, USA. The area lies west of 111.1oW and south of
32.0oN, borders the Schuk Toak, Baboquivari and Chukut Kuk districts of the Tohono O’Odham
Nation to the west and Mexico to the south, and totals approximately 2,300 km2 (900 square
miles). Landforms include mountains of up to 2,350 m elevation, pediments, alluvial fans and a
floodplain down to 750 m elevation (Andrews 1937; Sayre 2007). Mean annual precipitation
varies with elevation and ranges from 300 to 650 mm (NOAA-NCDC 2012). Peak precipitation
occurs between July and September in the monsoon season, with a smaller peak in winter and a
pronounced spring dry season. Mean daily temperature ranges from 4–10oC in January and 21–
32oC in July (NOAA-NCDC 2002).
Vegetation communities vary from Quercus-Pinus (oak-pine) and oak savanna at higher
elevations to herbaceous and wooded riparian areas along principal channels, with desert scrub
and semidesert grassland and savanna being the predominant rangeland types (Meyer 2000;
Strittholt et al. 2012). Grasslands in the region have changed considerably since the early 20th
century. Many are now dominated by the non-native Lehmann lovegrass (Eragrostis
lehmanniana Nees.), while others have undergone considerable encroachment by native woody
plants, particularly velvet mesquite (Prosopis velutina Woot.). Other common woody plants
include the shrubs catclaw acacia (Acacia greggii A. Gray.), paloverde (Parkinsonia spp.),
Ocotillo (Fouquieria splendens Engelm.), and prickly pear cactus (Opuntia spp.), and the
subshrubs huajillo (or fairyduster, Calliandra eriophylla Benth.), burroweed (Isocoma tenuisecta
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Greene) and snakeweed (Gutierrezia spp.). Common native grasses include threeawns (Aristida
spp.), sideoats grama, (Bouteloua curtipendula [Michx.] Torr.), tanglehead (Heteropogon
contortus [L.] P. Beauv. ex Roem. & Schult.) and sacaton grass (Sporobolus wrightii).

Social Context
The study area is predominantly rural. Cattle ranching has been a major industry since the early
19th century (Sheridan 1995) and is currently the most extensive land use. The majority of
rangelands in the area are Arizona State Trust lands, administered by Arizona State Land
Department (ASLD) and leased to ranchers for livestock grazing (NRCS et al. 2008). Private
ranches and the Buenos Aires National Wildlife Refuge (BANWR) account for most of the
remaining area, with smaller holdings are under the jurisdiction of the US Department of
Agriculture (USDA) Forest Service (USFS), Pima County and the US Department of Interior
Bureau of Land Management (BLM). Most livestock ranches utilize a combination of State Trust
land and private land, with some also grazing USFS, BLM or county lands. BANWR is
administered by the US Fish and Wildlife Service (USFWS) and is closed to livestock grazing.
Other government agencies involved in local rangeland management include the USDA Natural
Resource Conservation Service (NRCS) and Arizona Game and Fish Department (AGFD). The
Altar Valley Conservation Alliance (AVCA) provides a forum for members of the local ranching
community, NGOs, representatives of county, state and federal government agencies and others
who aim to cooperate in rangeland conservation.

Data Collection
We conducted 28 semi-structured, conversational interviews (Wilson and Sapsford 2006) with
27 participants between February 2010 and January 2011. Interviews were semi-directive,
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allowing both participant and interviewer to cooperatively direct the interview into the areas they
felt were important (Huntington 1998). Each participant was personally involved in management
of rangelands in the study area. The participants included 14 ranchers from nine ranches,
representing approximately half of the ranches in the study area, and 13 government personnel
representing the principal agencies involved in rangeland management in the area (AGFD,
ASLD, BLM, NRCS, Pima County, USFWS and USFS), one of whom was concurrently a
rancher. The ranches included one guest ranch and one principally growing fruit, with the
remainder raising cattle. All ranches had horses and all ranchers had been involved in ranching
for at least seven years and the majority for > 40 years. Potential participants were identified by a
combination of networking through local community meetings held by the AVCA and
University of Arizona contacts, snowball sampling, and the use of maps and internet searches to
identify ranches and in the study area. Of those contacted, none refused to be interviewed.
Interviews consisted of single participants and three husband-wife pairs. Multiple
interviews were conducted with two ranchers, and these included five go-along interviews
(Evans and Jones 2011; Jones et al. 2008) conducted while traveling through and observing
rangelands. The go-along interviews constituted ‘place-based’ discussion of the natural
environment within the ranches under consideration and enabled participants to use features of
the surrounding land and vegetation to illustrate their explanations. Three of the go-along
interviews also included observation of ranch and livestock management discussions between
participating ranchers. All interviews were conducted in a place of the interviewee’s choosing.
Ranchers were interviewed in their homes, elsewhere on their ranch, or in their offices. Agency
personnel were interviewed in their offices or, in one case, in a restaurant.
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Each interview lasted between 40 min and 3 h. Primary interview topics included
informal and formal rangeland monitoring, and rangeland management practices and decisions.
Participants’ concerns and aims regarding the natural environment were elicited to enable
interviews to begin with areas participants considered most relevant. Brush encroachment and
soil erosion had been identified by three preliminary focus groups as areas of common concern
to ranchers in Arizona, and these topics were discussed with each participant to ensure
discussions were grounded in practical conservation issues of widespread interest.

Analysis
Notes were taken during all interviews. Digital audio recordings of interviews were also made
except when impracticable during go-along interviews. Audio recordings were transcribed, and
transcriptions and notes were coded in NVivo 8 (QSR 2008). Initial codes were based on the a
priori themes encapsulated in the pre-prepared interview topics. Emergent sub-themes and
relationships between themes were added to the code book during preliminary coding of the first
eight interview transcripts and the notes from two go-along interviews. The resulting code book
was then used to code all transcripts and notes. Coded instances of themes were summarised,
tabulated and compared to determine and characterize common methods of monitoring, their
uses, and participants’ views of their utility.
Compatibility between a) informal rangeland monitoring, its uses and its embedded
environmental knowledge, and b) formal monitoring, its uses and natural science, was assessed
by a search of published literature based on formal natural scientific methods (Reed et al. 2008).
This literature included articles in refereed ecology and earth science journals, books explicitly
based on such articles, and formal monitoring manuals published by government agencies.
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Informal monitoring was also compared with formal monitoring techniques commonly used for
similar purposes in the study area.

Results
Informal Monitoring
All ranchers and a minority of agency personnel described using informal rangeland monitoring
methods. Here we report only informal monitoring described by ranchers.
All livestock ranchers made informal, ocular estimates of forage abundance and condition
and of precipitation and its effects on vegetation. Most also reported monitoring signs of soil
erosion and deposition, and most made judgments of overall rangeland condition. Livestock
ranchers generally considered forage availability the most critical feature of the natural
environment to assess.
Descriptors were generally qualitative rather than numeric. Spatial scales of monitoring
varied according to the sizes of features being monitored and the degree of patchiness
encountered. Observations were contextualized within the characteristics of individual areas of a
ranch, including landform and topography, historical rangeland conditions and management
practices, and infrastructure. Thus, an individual gully may be described as showing signs of
recent erosion; a small portion of a hillside as being in poor condition; or a whole pasture as
recovering from wildfire with good, fresh grass growth but still a lot of bare ground. In total, the
areas directly monitored informally constituted most or all rangeland grazed by each ranch.
All ranchers compared current rangeland conditions with personal recollection of
conditions and land management in previous years, and most ranchers incorporated orally
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transmitted local environmental history from previous generations. For instance, some ranchers
used the highest forage production they had seen in a given pasture as a benchmark from which
to gauge of how well that pasture is doing in any given year. Often, observations of change in
one location over multiple years would be integrated with comparisons between that location and
others nearby.
Most ranchers incorporated observations of indicator plant species into rangeland
assessments. Indicator species have long been used by ecologists to help assess the condition of
natural environments (Niemi and McDonald 2004). Generally, ranchers’ use of indicator species
appeared compatible with scientific literature (Table 1).
Those ranchers who personally manage livestock and maintain pasture infrastructure took
note of the natural environment and livestock while performing such work. Thus, they monitored
informally on a near-daily basis. The ranchers who employed ranch hands to do most of the dayto-day work in the field used the observations reported to them by their employees and
accompanied them to jointly observe their rangelands when a notable change was reported, as
well as making independent observations. In all cases, ranchers monitored their rangelands
informally on at least a weekly basis.
Forage. All livestock ranchers described assessing forage quantity visually in terms of
bulk, mass or more generally quantity of vegetation. The primary aims for ranchers were to
assess the amount of forage at the time of monitoring and how much would likely be available to
livestock during ensuing seasons, particularly to the end of the dry season when forage
availability is typically at its annual minimum.
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Informal methods of estimating forage amount had similarities with the formal method of
double sampling, which includes ocular estimates of standing crop (Elzinga et al. 1998).
However, in formal double sampling, ocular estimates are numeric and are corrected by
weighing dry vegetation mass of subsamples. In contrast, informal estimates were qualitative and
appeared to be calibrated against prior and subsequent informal assessments of forage and the
numbers of livestock it could support.
Informal assessments of forage quantity accounted for vegetation composition in terms of
quantities or proportions of native versus non-native grasses, perennial versus annual grasses,
perceived nutritional value and palatability of different species, and vigor and growth stage.
Different categories or species of plant were assessed or implicitly weighted according to
perceived forage value.
The principal vegetation category assessed for overall forage quantity was grasses for 13
ranchers and woody plant leaves for one cattle rancher. Perennial grasses were considered to
retain more nutrition longer into the dry season than annuals. Thus, annual grasses were included
in assessments of current forage but tended to be discounted when assessing the amount of
forage that would be available through the dry season. Large stands of unpalatable species were
excluded from forage quantity assessments.
Native grasses were generally considered to be of higher nutritional value than nonnatives. Assessments of forage quantity generally accounted for the lower nutritional value for
cattle of Lehmann lovegrass compared to most native grass species, and for the relatively high
volume but low mass of mature Lehmann lovegrass plants due to their open, diffuse growth
form. However, young, green Lehmann lovegrass shoots were considered palatable to cattle
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early in the growing season, and would often appear prior to native grass shoots when forage
availability is typically at a yearly minimum. Thus, early in the monsoon, young, green Lehmann
lovegrass shoots could form a significant proportion of forage assessments for cattle. In addition,
some ranchers considered mature Lehmann lovegrass to be palatable to horses throughout the
year.
Most livestock ranchers assessed amounts of leguminous shrub leaves and seed pods,
particularly during the dry season when herbaceous vegetation is scarce and of low quality. Five
ranchers considered leaves of the subshrub huajillo to be highly palatable to cattle and an
important component of forage. Three ranchers considered mesquite leaves to be an important
and valuable component of cattle forage during all seasons. Two of these ranchers estimated that
cattle consumed approximately 10% of their diet from mesquite leaves even in the presence of
abundant native grass feed.
Abundance of palatable and unpalatable plants was used to assess general range
condition. For example, the more palatable native grass there is in a pasture, the better its
condition was considered to be. For some ranchers, unpalatable species were also used as
indicators of trends in rangeland condition (Table 1).
Informal categories of vegetation and ranchers’ views on their palatability and nutritional
content were generally consistent with those described in the formal literature and used in formal
assessments of rangeland condition (Coulloudon et al. 1999a; Holechek et al. 2004; USDA
2014). Vegetation composition, in terms of numeric proportions of species and plant types by
weight, density or cover, has been used extensively to formally describe ecological sites and
evaluate rangeland condition (Coulloudon et al. 1999a). Ranchers’ categorization of nutritional
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value to livestock largely corresponded to formal classifications. For example, that grazers such
as cattle generally prefer grasses to forbs and shrub leaves, but that woody plant leaves can
constitute a high proportion of their food intake on some ranges; and that the nutritional value of
shoots and leaves peaks early in the growing season and declines markedly after the growing
season, and that this decline is more pronounced in annual than in perennial grasses (Holechek et
al. 2004).
Individual plant vigor was based on overall size of herbaceous plants, color of leaves and
grass culms, and in one case also by grass leaf width. Growth stage would be assessed by size,
color and developmental features such as presence of inflorescences or seeds. Very young shoots
were considered more nutritious and greener than mature shoots. Grass shoots were considered
to become less green, more yellow, and less nutritious and palatable during dry periods within or
following the growing season. After subsequent rainfall, shoots would become more green and
more palatable and nutritious.
Color was also used to help assess grass species without close anatomical study. One
rancher stated,
They all have their own color. You can look across a field or across a
hillside or a pasture, and say, ‘over there is threeawn’, because it has a certain
look to it, or ‘over there, that’s sideoats’ or ‘that’s sacaton’. Sideoats is bluer,
when it’s healthy and growing.
Thus, ranchers recognized that color varied according to plant species, vigor, water status
and phenological stage, and that color can be an indicator of palatability and nutritional value.
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Such use of color is often absent from formal field-based monitoring protocols
(Coulloudon et al. 1999a; Habich 2001) although plant color may be used to aid formal plant
species identification (Elzinga et al. 1998). Objective ocular assessments of vegetation color are
typically considered problematic in the formal literature (Kent 2011). However, stress such as
drought can alter plant color at visible wavelengths, generally decreasing reflectance of green
light (Jackson et al. 1983; Knipling 1970). Consequently, remote and in-situ measurement of
visible light spectra can be used to assess primary production and growth stage, although near
infrared wavelengths are typically also incorporated in remote sensing assessments of vegetation
(Coppin et al. 2004; Kurc and Benton 2010; Tucker 1979; Tucker and Sellers 1986).
More than half of the ranchers reported making ocular estimates of forage utilization.
Most described this as how ‘hard’ livestock had grazed grasses and other forage plants down.
This appeared to be a combination of assessing change in grass height and the general
appearance of grasses in a pasture. Two ranchers compared grazed areas with livestock
exclosures set up for formal monitoring. Two other ranchers took a ‘take half, leave half’
approach to forage utilization and another considered 50% utilization a maximum. In all cases,
high utilization was considered a strong reason to move livestock to a different area.
Utilization is often assessed in formal rangeland monitoring (NRCS 2003).
Recommended maximum levels of utilization for key forage species vary between plant
communities but in semi-arid regions can be 40–50% (Holechek 1988). Visually assessing height
of forage is comparable to the formal stubble height method (Coulloudon et al. 1999b).
However, ranchers appeared to be comparing current grass height with recollections of height
either earlier in the growing season or in previous years, whereas the stubble height method
requires numeric heights to be set for specific plant communities. Visually assessing the general

167
appearance of utilization is similar to the formal landscape appearance method (Coulloudon et al.
1999b). However, this method is considered prone to high variation between observers. Visually
comparing forage utilization within and outside an exclosure is highly similar to the formal
paired plot method. In this case, the ranchers’ method of observation may be considered largely
formal and their mental, non-statistical method of analysis informal.
Precipitation. Ranchers assessed rainfall levels qualitatively by combinations of
observations of its effects on vegetation, soil surfaces, water channels and stock ponds, and by
direct observation during storms. Most ranches had at least one rain gauge and three had 10 or
more spread throughout the ranch. Three ranchers reported that they would inventory their
ranches immediately after storms to determine where rain had fallen, observe its effects and
check rain gauge levels.
Most ranchers used informal, visual observations of herbaceous vegetation to judge
recent levels of precipitation and its spatial patchiness. As one rancher stated, “In the summer it
can be even as obvious as just a green patch in a bunch of dry, and you’ll see where a shower
came through. It’s very localized.” This is in accord with published literature. In semi-arid
regions, vegetation can green up rapidly in response to relatively large precipitation pulses
following drought, and green up can be spatially patchy, corresponding to rainfall patterns (Kurc
and Benton 2010; Pennington and Collins 2007).
Most ranchers reported using one or more plant species to help assess precipitation or
moisture levels (Table 1). For one rancher,
Ocotillo is a main indicator of rainfall. In the spring through the summer, I
watch the ocotillo leaves like a hawk. It’s my prime indicator. [After rainfall,] in 3
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to 5 days, they can put on new leaves. If it gets dry, they start dropping their
leaves. The leaves can start turning yellow, and then it rains, and they green back
up. So it’s a prime indicator of rainfall. In August, if you go into an area and the
ocotillo leaves have turned yellow, you know you’ve got a problem out there with
not as much rain.
Observed, direct effects of precipitation levels on soil surfaces included encrusting during
prolonged dry periods, splash marks from individual rain drops after light rains, puddles, and
channel flow. Levels of water in stock ponds and riparian areas were used to infer precipitation
levels over wider areas and longer timescales than direct effects on the soil surface.
Rainsplash causes micro-erosion, and in the absence of overland flow, these erosion
marks can be visible to the naked eye (Jyotsna and Haff 1997). Relationships between
precipitation and water flows in arid and semi-arid regions are highly variable, being influenced
by catchment size, topography and climate among other factors (Langbein et al. 1951; Osborn
and Renard 1970; Thornes 2009). Surface runoff, channel flow and groundwater recharge tend to
be highly irregular, infrequent, and dependent on relatively rare, high intensity precipitation over
short periods of the order of several days’ duration (Thornes 2009). Stockponds may be
recharged by surface, subsurface and / or channel flow. In Arizona, stockponds are typically
recharged in fewer than three months per year and, below 1,500m elevation, predominantly in
the peak rainfall months of the monsoon (Langbein et al. 1951). Thus, the natural scientific
literature is in accord with ranchers’ observations that water levels in riparian areas and
stockponds are indicative of recent rainfall, although the details of such linkages are likely to be
highly site-specific.
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Erosion. Most ranchers observed change over multiple years in riparian channels such
as head cutting, bank erosion and bed scouring. Most also noted effects of erosion on upland
soils and vegetation. Ranchers typically assessed the proportions of land that were covered by
bare ground and by herbaceous vegetation. Reductions in herbaceous cover and increases in bare
ground were considered indicative of susceptibility to soil erosion, increasing soil erosion and /
or low rainfall. The exact interpretation appeared to account for other observations indicative of
rangeland trend, such as brush encroachment, or of rainfall levels.
In like manner, formal monitoring can include observations of signs of active erosion in
gullies, such as head cutting and incised sides, as well as signs of recovery from erosion, such as
increased vegetation growing on gully sides and beds (NRCS 2003). In both uplands and riparian
areas, herbaceous cover can protect against soil erosion, and soil erosion and drought can reduce
herbaceous cover (George et al. 2011; Puigdefábregas 2005; Snyder and Tartowski 2006).
Consequently, herbaceous and bare ground cover can be used in conjunction with other
indicators to help assess rangeland trend and susceptibility to erosion (Coulloudon et al. 1999a;
NRCS 2003).
Ranchers also compared current topographies to recollections of conditions in previous
years and, in most cases, over multiple decades. Two ranchers incorporated oral history from
previous generations into long term erosion assessments, noting that down-cutting of washes had
increased markedly since the early 20th century, at which time surface water was more
commonly available in the dry season than at present. Long term formal assessments of erosion
are considered valuable in natural science-based rangeland and watershed management, although
comprehensive studies over multiple decades are not common in the USA (George et al. 2011;
Moran et al. 2008).
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Ranchers visually monitored effects of attempts to reduce erosion such as rocks placed in
water channels and raised sections of ranch roads. Such observations included increasing inchannel sedimentation and vegetation close to erosion control structures and, in uplands, greater
vegetation density, height and greenness near erosion control structures compared to surrounding
areas. Similar effects of in-channel rock emplacements have been shown in formal studies,
although there appears to be considerable variation of effect according to the details of
implementation (Gellis et al. 1995; Nichols et al. 2012).
Brush Encroachment and Suppression. Ranchers typically assessed brush
encroachment into grasslands from visual observations over periods ranging from several years
to several decades. Four ranchers compared current abundance of velvet mesquite with
conditions in the early 20th and late 19th centuries, as told by now-deceased former generations
of ranchers.
Velvet mesquite was considered to have proliferated in grasslands in the study area much
more than any other shrub or tree species. However, some small areas (of the order of 1 ha) were
dominated by catclaw acacia and were considered by some ranchers to be more impenetrable to
livestock than areas dominated by velvet mesquite. Most ranchers were of the opinion that brush
encroachment reduced grass forage availability and therefore viewed it as undesirable. However,
one rancher viewed velvet mesquite leaves as having sufficiently high forage value and yearround availability that mesquite encroachment into grasslands on their ranch did not significantly
diminish livestock production. Thus, the perceived impacts of woody plant encroachment on
livestock production integrated observations of changes in plant community, accessibility to
livestock and perceived forage value of grasses and woody species in all seasons.
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Changes in herbaceous vegetation and soil erosion were also observed after brush
suppression. One rancher noted increased grass growth, lower soil erosion and mesquite sapling
recruitment up to 20 yr after brush suppression in one area, in comparison both to that area’s
previous condition and to an adjacent, untreated area. Three ranchers noted that combinations of
fire, chemical and mechanical treatments a few years apart appeared more successful than single
treatments in reducing woody plant abundance. This is consistent with formal assessments of
brush suppression strategies (Archer et al. 2011).

Formal Monitoring
Formal monitoring overlapping in purpose with informal monitoring by ranchers was performed
annually at all but one of the ranches represented by participants in this study. Rangeland
condition, long term trend and ability to support livestock grazing were assessed in the autumn,
at the end of the main growing season. Unlike informal monitoring, this was also intended to
facilitate compliance with federal laws such as the National Environmental Policy Act (Coggins
et al. 2007). NRCS personnel collaboratively monitored with ranchers on private, county and
state land, while USFS and BLM personnel monitored the land under their respective
jurisdictions. Agency personnel conducted statistical analyses, which would usually be complete
by the following December or January. Each pasture’s analyses were shared with ranchers
grazing that pasture.
Most formal vegetation monitoring was conducted in permanent, representative key
areas. Some large pastures would have more than one key area, but most would have one or
none. Key areas were typically smaller than 16 ha, a minority of the area in a pasture. Utilization
was estimated in key areas by techniques such as percentage of grazed versus ungrazed plants
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and double sampling (Elzinga et al. 1998; NRCS 2003). Each key area typically had one or a few
permanent transects, used to assess rangeland condition and trend by methods such as estimating
plant species frequency, dry weight rank and cover. Two people could collect data from
approximately two transects per day. In addition, small fenced grazing exclosures were used as
reference sites on some of the ranches in this study (Coulloudon et al. 1999a).
Formal monitoring reports sometimes included qualitative observations made by agency
personnel. An illustrative example given by an agency rangeland specialist was, “I passed a
particular exclosure in a particular riparian area, and the fence was up, and there was no livestock
use noted inside the exclosure”. Some reports would also include ranchers’ informal monitoring
observations.
Government agencies also conducted formal monitoring to comply with legislation
protecting wildlife, endangered species and archaeological sites (Coggins et al. 2007; Fish 1980).
Results of such monitoring can influence livestock and rangeland management. However, the
objectives were generally dissimilar to those of ranchers’ informal monitoring. The techniques
used are therefore not direct comparators of informal monitoring and are beyond the scope of
this study.

Ranchers’ Use of Monitoring Information
Informal monitoring provided the principal input of information on rangeland condition for most
ranchers when making rangeland management decisions. This included long term planning,
yearly pasture and livestock management plans, and within-year adaptions of yearly plans in
response to fluctuating environmental conditions. According to one rancher, “the key to any
pasture management is observation”.
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Informal assessments of vegetation could influence the type of business ranchers operate.
One rancher stated, “We haven’t been in the cow-calf business for quite a few years now but we
go into steers when the feed situation makes that beneficial.”
Decisions on what brush suppression and erosion control measures to take and where to
implement them were often based on several years of cumulative informal assessments of forage
availability and brush abundance or erosion. Planning of rangeland improvements also accounted
for informal assessments of the effects of past brush or erosion treatments. Such planning often
also incorporated input from agency personnel and / or rangeland consultants based on their
formal academic training, research and monitoring. This was always the case on government
land and often the case on private land, where NRCS was the most commonly cited source of
formal advice.
Two ranchers described changing grazing systems on the basis of informal assessments
of forage levels made over several successive years. In both cases, rapid rotation systems were
seen to have been insufficiently flexible to respond to severe droughts. After several years of use,
rapid rotations were replaced by simpler, more flexible rotation systems that ranchers felt could
be more readily adapted to accommodate variation in precipitation and forage availability.
All livestock ranchers made a yearly management plan which specified livestock
numbers and, for all but one ranch, the timing of pasture usage for the coming 12 months. One
ranch produced its yearly plan in January each year, taking into account analyses of formal
monitoring conducted the previous autumn. All other ranches produced their plans in the
autumn, after the monsoon growing season but prior to receiving analyses of formal monitoring
conducted that year. All yearly plans covered the upcoming spring dry season and summer
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monsoon season, accounting for forage levels prior to the dry season. Thus, yearly plans for all
but one ranch were based solely on informal assessments of the amount of forage that would be
available until the end of the dry season.
All ranchers varied their yearly plans to some degree according to the condition of
vegetation and its responses to precipitation, drought or wildfire. Water availability also
influenced livestock and pasture management directly since water and feed availability were not
always coincident. Sub-yearly responses to unpredictable conditions included altering the timing
of livestock movements between pastures, resting a pasture that had undergone wildfire,
purchasing supplemental feed and selling livestock. Such adaptive responses were aimed at
maintaining the condition and productivity of livestock and vegetation, in particular through
minimizing overgrazing. Adaptive responses were of necessity based solely on informal
monitoring, as annual formal monitoring could not provide timely data on or help predict subyearly variation in precipitation levels or wildfire.
Most ranchers used formal monitoring to assess trends in rangeland condition and plant
community composition. Formal monitoring provided greater detail on plant species than was
generally attained with informal monitoring. In particular, formal analyses were more likely to
detect changes in the abundance of minor species which may be overlooked by informal
monitoring. Although these minor species may contribute little to forage production, knowledge
of changes in their abundance may be important indicators of trends in rangeland condition.
Ranchers compared and combined formal analyses with informal observations.
Combining formal and informal assessments appeared to generate more comprehensive views of
rangeland trends than would be possible with either methodology alone. For instance, one
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rancher compared formal and informal observations of Rothrock grama (Bouteloua rothrockii
Vasey). Formal data showed a declining abundance in a pasture over several years, followed by
marked increase in one year. The rancher compared this with his own similar, informal
observations, and with a conversation with another rancher who spoke of very rare spikes in
Rothrock grama abundance.
Formal monitoring did not generally provide sufficiently timely analyses to inform yearly
plans or sub-yearly adaptations to unpredictable conditions. However, formal monitoring
appeared to help inform ranchers’ thinking about how to manage rangelands a year or more into
the future. Formal monitoring also helped ranchers verify that their forage utilization levels were
within the limits set by government agencies, which can be essential to maintaining permission
to graze public land.

Discussion
Ranchers’ informal rangeland monitoring in the Altar Valley generally appears compatible with
natural science and with formal monitoring practices. This is not to say that either system is
incapable of improvement, or that they will always agree in practice. Indeed, several ranchers
said they did not claim to always “get it right”. We did not attempt to quantify the level of
agreement between informal and formal assessments of field conditions, and there was variation
among ranchers’ views on some issues such as the forage value of velvet mesquite leaves and the
impact of woody plant proliferation on livestock production. There do not, though, appear to be
fundamental conceptual or practical impediments to harnessing both monitoring systems in the
cause of rangeland conservation.
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Each monitoring system has advantages over the other. Informal monitoring can ‘sample’
whole pastures and so account for resource patchiness better than formal methods that are often
limited to small proportions of each pasture considered to be representative of the management
unit. In addition, informal monitoring can be conducted much more frequently than formal
monitoring. It is unclear how adaptive rangeland management could be effectively implemented
only using annual field-based formal methods, which were unable to detect change on a monthly
or weekly timescale. This is particularly important to rangeland conservation in arid and semiarid lands, where vegetation is dependent on precipitation that is highly variable in both space
and time (Snyder and Tartowski 2006).
Formal monitoring was more verifiably objective and accurate than informal monitoring.
Thus, formal analyses were considered valuable in official or legal disputes concerning
rangeland management and conservation, but informal assessments were not. This can be of
particular importance regarding compliance with environmental legislation and forage utilization
limits set by government agencies. One rancher said they were considering adding formal
monitoring transects to their ranch so that its ecological condition could be verified should
litigation over grazing permission ever arise.
Both formal and informal monitoring can account for long term ecological trends. We did
not seek to evaluate the objectivity of long-term informal observations. Rather, we suggest that
comparisons of formal and informal assessments of trends may give clearer, more
comprehensive pictures than either methodology alone. In particular, both methodologies may
give insights into rangeland management issues such as livestock grazing sustainability, brush
encroachment and soil erosion, and the outcomes of measures used to address them.
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Each of these key conservation issues has been assessed informally over multiple decades
in our study area. Worldwide, there have been numerous long-term, formal studies of the effects
of grazing practices on vegetation communities and forage production (Briske et al. 2011).
However, long-term formal studies on the efficacy of brush control treatments are scarce, forcing
rangeland scientists to rely primarily on qualitative or informal assessments (Archer et al. 2011).
There are also significant gaps in formal evidence on outcomes of erosion control measures, with
experienced rangeland and watershed scientists often relying partially on trial-and-error (George
et al. 2011). Thus, some rangeland scientists appear to implicitly concur with our conclusions
that informal and formal monitoring can be mutually compatible and complementary, and with
the predominant view among ranchers that integrating both systems can enhance the ability to
understand and conserve the natural environment.
Mention of informal monitoring is generally absent from formal rangeland monitoring
manuals and the range science literature (Coulloudon et al. 1999a; Elzinga et al. 1998; Habich
2001; Holechek et al. 2004; NRCS 2003; Vaughan et al. 2001). This is understandable when
considering the need for demonstrably unbiased, repeatable and verifiable techniques (Ruggiero
2009). However, this omission fails to help rangeland scientists evaluate informal methods and
discourages open discussion of their value and ways they may be improved and integrated with
formal monitoring. Thus, the formal range science literature largely neglects practical needs and
opportunities that, in some cases, can be at least partially met by informal monitoring.
If the advantages of integrating informal and formal monitoring are to be realized more
fully, informal methods must be assessed more widely and deeply than has been possible in this
study. Informal techniques used by rangeland scientists should be evaluated, and variation
between ranching communities and between individual practitioners should be documented. To
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gain more detailed understanding of informal monitoring, it should be observed in practice
(Kawulich 2005). Where possible, the levels of agreement between informal and formal
assessments in the field should be quantified, and areas of disagreement investigated further
(Ellis 2005; Reed et al. 2008). These steps may make it easier to acknowledge the value of
informal monitoring, improve its methods, and integrate it with formal monitoring more
explicitly and effectively than has so far been common.

Implications
This study indicates that informal monitoring by US ranchers can have advantages over formal
monitoring; that the two systems can be compatible and highly complementary, and can be
integrated in rangeland conservation; and that ranchers can possess considerable practical
knowledge of local natural history. The study did not attempt to represent all US ranching
communities and more work is needed to determine how widely our conclusions apply. Where
they do apply, documenting informal monitoring, acknowledging its value and integrating it
more closely with formal monitoring is likely to improve cooperation between rangeland
scientists, land management agencies and ranchers and lead to more ecologically sustainable
land use (Brunson and Huntsinger 2008; Sayre 2004; Tanaka et al. 2005).
Integrating informal and formal environmental knowledge is likely to become
increasingly important in managing US rangelands. Knowledge of natural history is vital to
natural resource conservation but its teaching in US universities has declined markedly over
recent decades (Tewksbury et al. 2014). On retiring, experienced rangeland scientists will too
often be replaced by ecologists who are highly educated and professional but lack adequate field
experience and training in natural history (Noss 1996). We suggest that this shortfall could be
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significantly alleviated if early career rangeland conservationists take advantage of experienced
ranchers’ informal environmental knowledge. Sharing of knowledge may be achieved by a
variety of methods, including interviews, participatory research and group workshops oriented to
practical rangeland management issues (Ballard et al. 2008; Millar and Curtis 1999). Whatever
methods are used, the critical first steps would appear to be the recognition of the value of
informal environmental monitoring and knowledge, and of shared interests in rangeland
conservation.
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Tables
Table 1. Indicator species used by ranchers in rangeland monitoring in the Altar Valley of southeastern Arizona, USA.
Common name
(Species)

Life form

Observation

Inference

Rancher explanations

Level of agreement with
natural science literature

Velvet mesquite
and huajillo
(P. velutina and
C. eriophylla)

Shrub and
subshrub,
respectively

Curled up leaves

Little or no rainfall over
the previous few weeks

Deep roots can delay and
reduce effects of low
rainfall on mesquite and
huajillo.

High1 with mesquite
(Pasiecznik et al. 2001;
Phillips 1963; Ryel et al.
2008), uncertain with
huajillo2 (Burgess 1995)

Ocotillo
(F. splendens)

Shrub

Green leaves

Very recent rainfall

High1 (Kozlowski 1976;
Nobel and Zutta 2005;
Reddy 1981; White et al.
2006)

Yellow leaves

Rainfall has recently
ceased

Absence of leaves

No recent rainfall

Ocotillo produces and
loses leaves rapidly in
response to moisture
levels, and ocotillo leaves
can be assessed from
greater distance than
grasses due to ocotillo’s
greater height.

Burroweed and
snakeweed
(I. tenuisecta and
Gutierrezia spp.)

Subshrubs

High abundance in
spring

High winter rainfall

Wet winters benefit deeply
rooted plants.

High1,3 (Burgess 1995;
Cable 1967; Cable 1969;
Ralphs and McDaniel
2010; Weaver 1958)

Prickly pear
(Opuntia Mill.)

Cactus

Plump, green, pads

Recent rainfall

Moderate4 (Knipling
1970; Stintzing et al.
2001)

Thin, yellow or
purple pads

Lack of recent rainfall

Color depends on prickly
pear variety and individual
plant health as well as on
water status.

High utilization

Overall forage utilization
has been high and other,

Tanglehead and threeawns
and are less palatable to

Moderate5 (Burgess
1995; Cable and Martin

Tanglehead and
threeawn

Grasses
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(H. contortus and
Aristida spp.)

more palatable species
have been grazed heavily
Numerous healthy
stands over a wide
area, after drought or
heavy grazing

Rangeland health is
improving and other
native perennial grasses
are likely to increase

Numerous stands
over a wide area,
after high rainfall

Rangeland health is
deteriorating

livestock than most other
locally common native
grasses, increase in
abundance rapidly in
response to favorable
growing conditions, and
are persistent under
unfavorable conditions.

1975; Canfield 1948;
Milchunas 2006; NRCS
2003)

Note: Most ranchers reported assessing mesquite and / or huajillo leaves. Use of each other indicator species was reported by a
minority of the ranchers interviewed.
1

Highly similar relationships are found in natural scientific literature.

2

Insufficient information was found on huajillo to evaluate the level of agreement with natural science.

3

Snakeweed is not deeply rooted but, like burrowed, responds to winter precipitation as described by ranchers.

4

The natural scientific literature describes similar relationships for vascular plants in general and for prickly pear fruit but we found no
formal studies on prickly pear pad (i.e., cladode) color changes due to water stress.
5

Effects of heavy grazing on the relative abundance of grass species can vary greatly between sites and regions, but in southeast
Arizona, tanglehead and threeawns can show the patterns described by ranchers. In general, herbaceous species of low palatability
often respond to improved conditions more rapidly than palatable species.

