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Abstract

Background: The three-primary-strategy theory proposed by Grime identifies stress and disturbance as the key environmental factors leading
to the emergence of distinctive plant strategies that are defined by combinations of stress and disturbance tolerance. Plant strategies are usually
inferred from sets of traits, which may lead to circular reasoning and artificial restrictions of the species distribution in the strategy space.
Question: Can measurements of stress and disturbance tolerance in nature be used to estimate the positions of different species relative to
each other in Grime’s strategy space?

Data description: Stress, disturbance and abundance data for 50 species at 25 0.5-ha sites

Study site and dates: Semiarid grassland, Oaxaca, Mexico, 2014

Methods: The tolerance of species to stress and disturbance were inferred from their abundances and were used to allocate the species into
Grime’s space. To assess whether our procedure reflects the underpinnings of Grime’s theory, we determined whether a few attributes of the
species changed within the strategy space according to theoretical expectations.

Results: Most species were allocated towards high disturbance and low stress intensities. The species attributes concurred with the trends
expected from their positions in the strategy space.

Discussion: This study indicates that plant species can be allocated in the strategy space using their attributes for stress and disturbance toler-
ance. Thus, our measurements seem to reflect the basic principles proposed by Grime. Future improvements would require the development
of procedures that involve several sources of stress and disturbance.

Key words: C-S-R theory, disturbance tolerance, functional attributes, Grime’s triangle, hydric stress tolerance.

Resumen

Antecedentes: Grime identifica el estrés y el disturbio como factores que determinan diferentes estrategias en las plantas. Sus tres estrategias
resultan de las tolerancias al estrés y el disturbio, y generalmente se les infiere a partir de atributos, lo cual puede llevar a razonamientos
circulares y restricciones artificiales a la distribucion de las especies en el espacio de estrategias.

Pregunta: ;Pueden emplearse las tolerancias al estrés y al disturbio para ubicar las posiciones relativas de las especies en el espacio de es-
trategias de Grime?

Descripcion de datos: Mediciones de estrés, disturbio y abundancia de 50 especies en 25 sitios de 0.5 ha.

Sitio y afios de estudio: Pastizal semiarido, Oaxaca, México, 2014.

Métodos: Las tolerancias, calculadas usando las abundancias, se emplearon para ubicar las especies en el espacio de Grime. Para evaluar si
nuestro método refleja los fundamentos de la teoria de Grime, examinamos si unos cuantos atributos cambiaban en el espacio de estrategias
segln lo esperado tedricamente.

Resultados: La mayoria de las especies toleraron mucho disturbio, pero poco estrés. Sus atributos coincidieron con lo esperado segun su
posicion en el espacio de estrategias.

Discusion: Este estudio indica que las especies vegetales pueden ser ubicadas en el espacio de estrategias usando sus atributos de tolerancia
al estrés y al disturbio. Consecuentemente, nuestras mediciones parecen coincidir con los principios propuestos por Grime. El método podria
mejorarse con el desarrollo de procedimientos que permitan incorporar diferentes fuentes de estrés y disturbio.

Palabras clave: Atributos funcionales, teoria C-S-R, tolerancia al disturbio, tolerancia al estrés hidrico, triangulo de Grime.
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Among the many external conditions that shape plant evo-
lution, the distribution, abundance, stress and disturbance
level are thought to be of the greatest importance. Grime
(1977) defined stress as conditions that constrain plant bio-
mass production. Extreme temperatures, soil salinity, and
low nutrient availability, for example, can all yield stressful
conditions (Haferkamp 1988). On the other hand, disturbance
was defined as events that cause the partial or total destruc-
tion of plant biomass. Fire, grazing and logging are types
of disturbance (Hobbs & Huenneke 1992). In his landmark
paper, Grime (1977) stated that both stress and disturbance
have steered world vegetation into three distinct primary
strategies: competitors, stress tolerators and ruderals.

Grime’s strategy space is a theoretical square in which
plant species can be allocated to different locations defined
by stress and disturbance combinations (Figure 1). Primary
strategies are defined by setting stress and disturbance levels
at extreme low and high intensities. When stress is high, and
the disturbance level is low, stress-tolerant species thrive.
Ruderal plants are primarily found in high-disturbance and
low-stress environments. When stress and the disturbance
level are both low, plants accumulate biomass until resources
become depleted and competitor species become dominant.
Finally, according to Grime’s original proposal (1977), no
viable strategy exists at high stress and disturbance levels.
This means that the effective strategy space is a triangle
(Figure 1). In addition, since the stress and disturbance tol-
erance are continuous variables, there is a wide range of
intermediate strategies, which are also known as secondary
strategies (Grime 1977). Later work focused on the fact that
species occur throughout the whole strategy space and not
only within the triangle that was originally proposed (Van der
Steen & Scholten 1985, Grime 1988, Loehle 1988, Herben
et al. 2018).

No viable
strategies

Stress

R

N
R 7
Disturbance

Figure 1. The strategy space showing the three primary-strategy tri-
angle. This triangle is obtained when considering the proposed stress-
disturbance threshold, which limits stress and disturbance tolerance.
Each primary strategy (C = Competitors, R = Ruderals, S = Stress
tolerants) is allocated to a distinct region of the triangle based on its
particular stress and disturbance tolerance.
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Ecologists have long sought to determine the position of
plant species in the strategy space that is delimited by the
three primary strategies. However, quantifying tolerance to
stress and disturbance is a difficult task. Instead, sets of at-
tributes have been used to identify strategies (Grime 1974,
Hodgson et al. 1999, Pierce et al. 2013, 2014, 2017, Li &
Shipley 2017) because, as the result of trade-offs and the evo-
lutionary pressures exerted by stress and disturbance, each
strategy is thought to be characterized by a distinctive set
of traits (Grime 1977, Stanton et al. 2000, Diaz et al. 2001,
2007, Bilton et al. 2010, Pierce et al. 2017).

Only a few studies have experimentally tested Grime’s
primary strategies theory (Campbell & Grime 1992, Wilson
& Lee 2000, Bornhofen ef al. 2011, Li & Shipley 2017,
Herben et al. 2018). Furthermore, although traits can be
used in the application of this theory (Pierce et al. 2017,
Barba-Escoto et al. 2019), attribute-based methods may not
be the best option for several reasons. First, although sets of
attributes have been associated with stress and disturbance
tolerance, there may not be a clear-cut difference between
the attributes associated with each of these two factors (Adler
et al. 2004, Quiroga et al. 2010, Ruppert et al. 2015). Thus,
stress and disturbance, as well as the tolerance of plants to
these factors, must be accurately measured, avoiding the use
of attribute proxies. Second, attribute-based methods always
lead to pre-established strategies, making it difficult to test
if there are only three strategies (or combinations thereof)
and if the effective strategy space is triangular (Van der
Steen & Scholten 1985, Grime 1988, Loehle 1988, Herben
et al. 2018). Finally, if our aim is to test the theoretical link
between strategies and attributes, we cannot define strategies
based on attributes without arriving at circular reasoning
(Van der Steen & Scholten 1985, Loehle 1988, Van der
Steen 1993, Li & Shipley 2017). This issue was addressed
by Li & Shipley (2017), who identified plant traits that can
be used to identify species that dominate different fractions
of experimental gradients of stress and disturbance in meso-
cosms. Nevertheless, we still require a framework to infer
stress and disturbance in the field instead of relying on ex-
perimental manipulations. This framework should link traits
with strategies under natural conditions, as this would allow
us to classify long-lived species that are unlikely to respond
to manipulations in the short duration of most experiments.

This study proposes an alternative method for obtaining
the relative positions of species in the strategy space using
measurements of environmental stress and disturbance and
by quantifying the tolerance of species to these factors. For
this, we evaluated whether tolerance estimates are correlated
with the morphological and life-history traits that usually
determine plant tolerance. This approach allows us to explore
how species distribute across the strategy space (Figure 1),
and it also provides evidence for the link between traits and
tolerance in a way that is similar to the work of Li & Shipley
(2017). Because our study system is a semiarid plant com-
munity, we focused on hydric stress. At the study site, water
availability decreases as the soil becomes shallower (Villar-
real-Barajas & Martorell 2009, Martorell & Martinez-Lopez
2014). Thus, soil depth defines the hydric stress gradient. On
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the other hand, because grazing by livestock is the predomi-
nant disturbance agent in the study area, it was measured
through an index based on four variables related to livestock
activity. Finally, we measured plant tolerance using changes
in the population density over the stress and disturbance
gradients. Population density is an integrative measure of
plant performance that arises from demographic processes
such as reproduction, survival and individual growth (Shea
& Chesson 2002, Berryman 2003), which in turn are affected
by stress, disturbance and competition (Chaves et al. 2002,
Sonnier et al. 2010). This latter approach relies on the fact
that species with different strategies reach their maximum
abundance under different stress and disturbance conditions.
Thus, we allocated each species within the strategy space at
the combination of stress and disturbance levels that resulted
in its highest abundance. In our case, the strategy space is a
potentially square and is not restricted a priori to a triangular
area (Figure 1), as has been previously assumed. It is impor-
tant to note, however, that we can discern the relative position
of species in the strategy space (e.g., which species seems
more ruderal or more stress tolerant), but we cannot pinpoint
species to precise primary or secondary strategies. However,
as we will discuss, our strategy space can potentially be parti-
tioned to reflect how different strategies are clustered around
particular stress and disturbance conditions.

Materials and methods

Study site. Fieldwork was performed in the Mixteca region,
State of Oaxaca, Mexico (17° 52’ N, 97° 24" W, elevation
2,200-2,350 m asl). Climate is semiarid with an annual pre-
cipitation of 578 mm and mean temperature of 16 °C (Vil-
larreal-Barajas & Martorell 2009). Vegetation is a semiarid
grassland. Plants are tiny, so it is possible to find up to 25
species and over 200 individuals at scale of 1 dm?. Soil depth
barely exceeds 15 cm and is mostly disposed on top of a
continuous volcanic-tuff pan. Intense grazing disturbance has
been historically documented at the study site ever since the
introduction of livestock in the 16" century (Garcia 1996).

Plant density, stress and disturbance. Data were collected
at 25 permanent plots of 0.5 ha. Each plot had eight 1-m?
quadrats randomly distributed within it. Within each quadrat,
we selected 20 subplots of 0.1 x 0.1 m. Stress levels and spe-
cies abundances were measured within these subplots, while
disturbance was quantified at the scale of 0.5 ha.

As water shortage is the main stress factor and it is as-
sociated to soil depth, we measured soil water two weeks
during the rainy season. Soil water potential increased from
-248 kPa in 4 cm depth soils to -109 kPa in 28 cm depth
soils (Martorell & Martinez-Lopez 2014). Shallow soils also
dried 2-3 days before deeper ones (Villarreal-Barajas & Mar-
torell 2009). In addition, it is important to consider that soil
depth determines space for root growth (Unger & Kaspar
1994) and that deeper soils provide more nutrients to plants
than shallow ones (Rajakaruna & Boyd 2008). Because plant
biomass production is hindered in shallow soils (Briggs &
Knapp 1995, Dornbush & Wilsey 2010), substrate depth is an

adequate indicator of stress sensu Grime (1977). Soil depth
was measured by driving a metallic rod at the center of each
0.1 x 0.1 m square until the volcanic tuff was reached. Soil
depth varied greatly even over a few centimeters. Thus, the
chosen scale of measurement (1 dm?) is adequate. Observed
soil depths ranged from 0 to 28 cm and this variable was stan-
dardized using the equation stress = 10 x (28 — depth) / 28.
With this procedure, a quadrat with no soil was assigned a
stress value of 10, whereas soils having a depth of 28 cm had
zero stress. Note that we were unable to test the effect of the
most stressful condition (0 cm of soil depth) on plants.
Livestock disturbance was measured by modifying the
index of Martorell & Peters (2005). For this we used four
variables that indicate removal of plant biomass by live-
stock: goat and sheep droppings frequency, cattle droppings
frequency, browsing and proximity to human settlements.
Frequencies of goat and sheep droppings, as well as those of
cattle, horse or donkey, were recorded on 30 randomly placed
quadrats of 1 x 1 m at each permanent plot. The reciprocal
of the distance of plot to permanent human settlements (in
km) was used as indicator of disturbance intensity, as areas
farther away from human settlements are less grazed than
closer ones (Cingolani et al. 2008). Finally, woody plants
rooted over a 50 x 1 m transect were thoroughly inspected
for evidence of browsing (characteristic scars formed when
fresh tissue is cut-off from woody plants; livestock is the
major cause of such cuts at the study site). The ratio between
browsed/plants was calculated as indicator of disturbance
intensity. These four variables were summarized by means
of a principal component analysis (PCA) to obtain a distur-
bance index. The first principal component explained 70 %
of the variance and, thus, provided an acceptable summary
of all disturbance indicators. Thus, the score of each plot
on the first principal component was utilized as indicator of
the disturbance intensity. The scores were standardized on
a scale from 0 to 10 corresponding to plots with the lowest
and highest disturbance — note that this differs from Mar-
torell & Peters (2005), who calibrated their axis on a scale
of 100, but disturbance estimates from that study should
not be compared with our estimates because some livestock
indicators in Martorell & Peters (2005) were not considered
here because they do not cause biomass removal. On this
scale, the smallest disturbance scores were observed at three
study plots where livestock was excluded 12 years ago. It is
important to note that the maximum intensity of disturbance
in our index does not imply the removal of all biomass. As
a result, we are unable of knowing how far our maximum
disturbance metric is from the theoretical maximum.

Species attributes. A total of 130 species of vascular plants
were identified in the study area and 50 of them (those that
were present in at least 5 study sites) were selected for the
analyses. We classified these species according with the fol-
lowing readily-available life-history and morphological traits
that could be associated with stress and disturbance:

(1) Perennials or annuals, as perennials plants are commonly
associated with stress tolerant and competitive strategies,
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while ruderals are typically annuals (Miller et al. 2014,
Yuan et al. 2016, Li & Shipley 2017, Herben et al. 2018,
Barba-Escoto et al. 2019); (2) Presence/absence of water
storage organs, which may confer a higher hydric stress tol-
erance (Chapin er al. 1990); (3) Life form according with
the classification of Raunkiaer (1934), which relies on the
location of meristems and resulted in: chamaephytes (plants
with persistent shoots and meristems located between 1 cm
and 30 from the soil surface), hemicryptophytes (perenni-
als with meristems immediately above or very close to the
ground), geophytes (perennials with underground meristems)
and therophytes (annual plants). Initially, Raunkiaer (1934)
proposed that the meristem position could be used as indica-
tor of tolerance to seasonal stress, but more recent studies
show that tolerance to disturbance by grazing increases when
meristems are close to the ground surface or below it (Mc-
Intyre et al. 1995, 1999, Lavorel et al. 1999, Diaz et al. 2007,
Fidelis et al. 2008); (4) Seed biomass, which was measured
for only 36 species because we could not obtain seeds for the
remaining 14 species. For each species, 50 seeds were dried
at room-temperature and individually weighed using an ana-
lytical balance, and the mean weight was calculated. Larger
seeds have been associated with low disturbance (Grime
1977) and greater stress tolerance, though evidence in this
sense is inconclusive for the case of hydric stress (Wulff
1986, Hendrix & Trapp 1992, Khurana & Singh 2004, Moles
& Westoby 2006). Indeed, Pierce et al. (2013) argue that
because these traits affect plant reproduction independently
of species’ strategies, there may not be a clear relationship
between seed attributes and primary strategies.

Data analysis. Since density is affected by stress, disturbance
and competition, it is expected that the evolutionary pressure
exerted by these three factors results in different strategies
that allow species to thrive in different environments. As a
result, plants with different strategies are expected to thrive
in particular portions of disturbance and stress gradients (Li
& Shipley 2017); ruderals should predominate in highly dis-
turbed habitats, stress tolerant species should be dominant
in stressful sites, and competitors should predominate where
both limitations are mild. Following this logic, we allocated
each species along the observed stress and disturbance gra-
dients by determining the combination of these two factors
that resulted in its maximum abundance.

Generalized additive models (GAMs, Wood 2004) were
used to model plant density (individuals per 1 dm?) as a func-
tion of stress and disturbance. GAMs are powerful models
that offer high flexibility for detecting complex data patterns.
However, because of this flexibility, over-fitting is also com-
mon (Wood 2004). For this reason, it is required to specify
adequate distributions, parameters, restrictions on function
flexibility and corroborate that model outputs agree with
empirical data. To deal with these issues, we ran preliminary
analyses and used the Akaike information criterion for deter-
mining what distribution model better fitted with our data,
and we choose a negative binomial distribution. The fitted
functions had at most five knots to reduce the number of
potential maxima and facilitate their interpretation. Initially,
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all models were fitted incorporating a stress x disturbance
interaction. However, this interaction was removed when
it was not statistically significant (¢ = 0.05). One model
was fitted for each species. In some cases, more than one
maximum was predicted. When the global maximum was
substantially greater than the others, it was used to estimate
the species’ tolerances (e.g., Figure 2d). In a few (n = 6) spe-
cies, where the different maxima had approximately the same
height and there were relatively few data (e.g., Figure 2B),
we considered that the exact height of each maximum was
likely to be inaccurate and not reliable as a unique criterion
for selecting one of the maxima. Thus, data were plotted in
a 3D scatterplot and compared with the fitted function. The
predicted maxima based on just one or two observations, or
on what seemed to be a single outlier (an inordinately large
density measurement compared with the other data), were
discarded.

The predicted density maximum for each model was used
as indicator of stress and disturbance conditions that yield
species maximum abundance and, thus, as coordinates for
stress and disturbance tolerance in the strategy space. We
will refer to these coordinates as maximum abundance co-
ordinates (MAC; See Appendix 1 for MACs and attributes
of all species).

To determine if MACs were related to categorical plant
traits (life history, storage organs and life form), we conduct-
ed multivariate analyses of variance (MANOVA). In each
analysis, stress and disturbance tolerances were incorporated
as the response variables. In the cases where the MANOVA
was significant, two ANOVAs were conducted, one using
disturbance only and the other using stress only. This al-
lowed us to determine if tolerance to stress or disturbance

Density (# of individuals/dm?)

Figure 2. Contrasting responses of four species to stress and distur-
bance. Species A) is a ruderal and C) is a competitor, while species
B) and D) cannot be assigned to a specific strategy. Species B) has
two maxima, however only one of them is supported by observed data
and the other is an extrapolation. Species D) also has two maxima, but
only the global maximum was considered.
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(or both) was associated to the target trait. The relationship
between seed mass and MACs was analyzed by regress-
ing seed mass on disturbance tolerance and stress tolerance.
A GAM was used for this purpose. All statistical analyses
were performed in R versions 3.0.2 and 3.1.3 (R Core Team
2015). GAMs and surface plots were performed with the
mgcv (Wood 2004) and rgl (Adler & Murdoch 2014) librar-
ies respectively.

Results

Allocation of species. Stress and disturbance had different
effects on the density of each species (Figure 2). Despite
this, the maximum abundance coordinates (MAC) of some
species could be the same. This was the case for five species
that had zero stress tolerance but had the largest possible tol-
erance to disturbance (bottom right corner in Figure 3). Some
studied species could tolerate high intensities of both stress
and disturbance. Thus, not all the species were restricted to
the theoretical triangular area of the strategy space (Figure 3).
Using log-linear analyses, we found that MACs were more
common where the stress was low (x> = 26.61, p < 0.0001,
Figure 4A), whereas few MACs occurred at low disturbance
levels (y>=17.64, p=0.0001, Figure 4B). The interaction be-
tween both tolerances (stress and disturbance) did not affect
the frequency of MACs in different portions of the strategy
space (> =4.91, p = 0.2961).

Life histories and functional attributes. All MANOV As were
significant (p < 0.05), indicating that the analyzed traits were
related to the position of the MACs along the stress and
disturbance axes. On average, annuals tolerated less stress-
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Figure 3. Stress and disturbance conditions where the 50 studied
species attain maximum abundance.
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Figure 4. Frequency of species that attain maximum abundance un-
der different stress (A) and disturbance (B) intensities.

ful conditions (mean = 2.07) than perennials (mean = 3.69;
p = 0.0493), but there were no significant differences in the
disturbance tolerances of these groups of species. As expect-
ed, plants with storage organs tolerated more stress (mean =
5.08) than those without them (mean = 2.47; p = 0.0064).
Again, there were no significant differences between the
groups of plants in terms of disturbance.

Chamaephytes, geophytes, hemicryptophytes and the-
rophytes only differed in their stress-disturbance tolerance
when both variables were analyzed together (p = 0.0361) but
not when the variables were analyzed separately. On average,
chamaephytes reached maximum abundances under higher
stress and disturbance intensities than any other plant group
(mean MAC values for stress = 5.43, and disturbance = 6.79).
Geophytes tolerated stress at low intensities and disturbance
at intermediate intensities (stress = 3.34, disturbance = 4.66).
Hemicryptophytes and therophytes tolerated low stress in-
tensities (3.09 and 2.07, respectively) and high disturbance
conditions (6.83 and 6.81, respectively).

The seed mass changed with the stress tolerance (p =
0.0165), but these effects were not found on the disturbance
axis (p =0.2088). Thus, the model was refitted using the stress
tolerance as a unique predictor of the seed mass. The fitted
model predicted maximum seed masses near an intermediate
stress value (Stress = 4; Figure 5). This maximum seemed to
be generated by a single species with an inordinately large
mass, but the general pattern remained unchanged when that
species was removed.

Discussion

This study proposes a novel strategy-allocation method that
relies on the direct measurement of stress and disturbance
levels, the two abiotic factors that define Grime’s primary
plant strategies. The allocation method captured the inde-
pendent effects of both stress and disturbance, and it was
capable of positioning species along the stress and distur-
bance axes. We found that the life cycle, presence of water
storage organs, life form and seed mass had effects on the
stress and/or disturbance tolerance. Most attribute patterns
observed were in line with Grime’s predictions and previous
reports in the literature, but some of them were also contra-
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Figure 5. Effect of seed mass on stress tolerance (p = 0.0165).

dictory. Although our method only provides the positions of
species relative to each other in the strategy space, we will
discuss how it can be used to classify species into Grime’s
main strategies using additional information.

Allocation of species in the strategy space. The available
methods to infer plant primary strategies and thus allocate
them in specific portions of the strategy space are based on
plant functional traits (Grime 1974, Hodgson et al. 1999,
Pierce et al. 2013, 2017), but this approach generates several
problems that make the theory virtually irrefutable (Li &
Shipley 2017). Primary strategies are defined by the toler-
ance of species to stress and disturbance and not by the
traits that make this possible. As a result, allocation methods
based on functional traits cannot identify strategies accord-
ing to Grime’s proposal. For example, it has been suggested
that most ruderals are annuals with fast growth rates and
high fecundity (Grime 1977, Miiller et al. 2014, Yuan et al.
2016); however, these are contingent properties of ruderal-
ity, while the essential property of ruderals is tolerance to
disturbance. The use of multiple contingent properties may
be more robust than the use of a single trait, but it does not
necessarily guarantee the inference of essential ones (Robert-
son & Atkins 2018). We must then correctly quantify stress
and disturbance levels as environmental properties to further
infer the evolutionary trade-offs that species may have to
tolerate (Li & Shipley 2017). On such a basis, we can infer
strategies based on essential properties and then link them
to contingent ones.

Considering stress and disturbance levels as environmen-
tal properties (e.g., temperature, drought and fires are all
environmental phenomena) that act regardless of species
responses requires their quantification at the habitat level,

654

which is not an easy task. The approach developed here
is inherently limited, as we only focus on the main agents
of stress and disturbance at the study site, namely, water
availability and livestock activity. Given the large number
of variables that determine plant performance in nature, it
is of paramount importance to identify key stress and dis-
turbance factors; this can be done by choosing factors that
overwhelm other limitations because of their importance or
magnitude. In our study, hydric stress was chosen because
water is an essential resource for plants (i.e., it cannot be
replaced by other resources) and, thus, it is subjected to
Liebig’s law of the minimum: when it is lacking, such as in
shallow soils, it becomes the sole factor that determines plant
growth (Tilman 1980). Factor selection will then depend
on the environment under study. However, the difficulties
involved in measuring stress, disturbance and plant toler-
ance may lead to the use of indirect indicators, as we did
in our study (e.g., soil depth, livestock droppings and plant
population density, respectively), and to make this method
reliable, these indicators must closely reflect the underlying
variables.

The difficulty in generalizing across environments sub-
jected to different forms of disturbance and stress is the
disadvantage of not employing species traits as surrogates for
tolerance. Traits provide universality, but if these surrogates
are also used to define CSR strategies, then it is clear that
testing the theory will be difficult. Our approach suggests
that environmental variables can be linked with morphologi-
cal or life history traits using field data. Li & Shipley (2017)
also provided evidence for such a link using laboratory data.
Thus, both methods can be used to test the theory and vali-
date which traits can be used to estimate species tolerance
under local conditions.

Despite its inherent difficulties, the allocation of species
to strategies based on the stress and disturbance measure-
ments as environmental properties, not as species traits, is
the only way to unambiguously test the theory (Li & Shipley
2017) and to identify Grime’s plant strategies (1977). In our
case, our results offer a glimpse at how the species of a heav-
ily grazed, semiarid grassland tolerate these factors.

Our method showed that the studied species exhibited a
wide range of tolerances to stress and disturbance and that
they occupy a large fraction of the strategy space. There was
a trend for more species to attain their maximum density
under low stress but high disturbance conditions. Interest-
ingly, some species tolerated both factors at high intensi-
ties, which is in agreement with Herben et al. (2018), who
recently showed that some species from sites with frequent
disturbances and shallow soils, much like in our study sys-
tem, occupied a region with high stress and disturbance in the
strategy space. These findings may be due to the particular
stress and disturbance combinations to which the plants are
exposed.

Life history and functional attributes. Grime (1977) stated
that each primary strategy has a set of morphological and
physiological traits that result from evolutionary trade-offs.
Therefore, certain attributes should be associated with either
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stress or disturbance tolerance. Stress-related traits followed
the patterns expected from the theory. The same happened
in terms of disturbance, although the relationships were not
always significant. The exception was with Raunkiaer’s life
forms, where the trends were more complex than anticipated.
These results suggest that our indicators of stress and, to a
lesser degree, disturbance are not off the mark and reflect the
basic processes proposed in Grime’s theory.

In arid habitats, resources are often scarce and are avail-
able at pulses after long periods of shortage (Schwinning &
Sala 2004). Stress tolerance as a primary strategy has been
identified as a conservative scheme in which the resources
available during the pulses are stored for later use (Chaves et
al. 2002). As a result, several strategies for stress tolerance
are possible, of which two were tested here: (1) maintaining
longer life cycles (Grime 1977, 2006) and (2) having water
storage organs (Hanscom & Ting 1978, Osmond et al. 1987,
Ogburn & Edwards 2010).

The seed mass was not associated with the disturbance
tolerance, and it had a complex relationship with stress
(Figure 5). At low stress intensities, a positive relationship
between tolerance and the seed mas was found, but the op-
posite occurred at high stress levels (above a stress value of
4; i.e., below 11 cm of soil depth). This result shows that
seed traits may influence the stress tolerance, but a clear
trade-off is difficult to discern. The annual life cycle is a
hallmark trait of ruderal plants (Grime 1977, Miiller et al.
2014, Yuan et al. 2016), and, as expected, the abundance
of therophytes increased at sites with low stress and high
disturbance levels. Grime (1977) and others (Lavorel ef al.
1999, Louault et al. 2005, Diaz et al. 2007) provided evi-
dence that plants with meristems closer to the ground are
better protected against disturbance, especially that caused
by grazers. In agreement with this, we found that hemicryp-
tophytes (i.e., plants whose meristems are located in contact
with or very close to the ground) tolerated high disturbance
intensities, but the same was true for chamaephytes, which
had the highest meristem position of all the perennial species
studied. Geophytes did not follow the expected trend either,
as their abundance increased at low disturbance intensities in
spite of having subterranean meristems that could promote
tolerance to disturbance (Gomez-Garcia et al. 2009). At our
study site, however, there is some evidence that geophytes
are strong competitors (Martorell et al. 2015), and as such
their maximum abundances should occur under low stress
and disturbance conditions.

These results suggest that our basic approach can be reli-
ably used to allocate species in the strategy space and that
it is consistent with Grime’s proposal. The fact that some of
our predictions about the relationship between disturbance
tolerance and traits were not supported may reflect the inac-
curate measurement of disturbance rather than a flaw in the
general conception of the method. Disturbance was measured
through a set of indirect indicators, such as livestock-drop-
ping densities and distances to populated areas. Actual mea-
surements of the stocking rates observed in each plot may
succeed in producing a better estimate of the disturbance tol-
erance. We also neglected other factors involved in biomass

reduction, such as grazing by invertebrates and lagomorphs.
This limitation highlights the need to use proper stress and
disturbance indicators.

Classification based on Grime’s strategies. In its current
form, our method is able to determine which species are
more ruderal, competitive or stress tolerant than others, but
it cannot be used to determine if a species follows a given
strategy. Two considerations may be helpful for this issue:
the ranges of stress and disturbance values observed in the
field and additional information regarding the biology of spe-
cies or their attributes. For the first method, it is important
to consider whether extreme values are observed. As we
have discussed, our stress gradient included the most ex-
treme value, so the plants that were ranked at high levels of
disturbance tolerance can safely be considered stress-tolerant
species. As an example of the second method, consider that
half of the studied species with disturbance tolerance values
higher than 5 are listed in the Mexican Weeds Database (Vi-
brans 2012). Because weeds are a canonic example of ruderal
plants (Grime 1977), it would appear that species with high
disturbance tolerances in our study should be classified as
ruderals themselves.

Note that some species rank at high levels of both stress
and disturbance tolerance. These species cannot be classified
into any of the three primary strategies or their combinations,
but they may belong to a fourth category whose existence has
been discussed in previous works (Van der Steen & Scholten
1985, Grime 1988, Lochle 1988, Herben et al. 2018).

Approaches such as that described here may be better
equipped than traditional methods to test the three-primary-
strategy theory and can aid in establishing the direct re-
lationships between environmental conditions and species’
responses to them. Our method represents an initial step in
tackling these complex tasks. Future refinements to these
approaches will ultimately strengthen the underlying frame-
work of Grime’s landmark theory.
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Appendix 1. Attributes of the 50 studied species and the type of fitted model for each species. Columns indicated as disturbance
and stress correspond to the conditions under which each species attains its maximum density. A = annuals, P = perennials, w/o
= without water storage organs, w/ = with water storage organs, * = generalized additive model, { = generalized additive mixed
model, A = model incorporating a stress-disturbance interaction. Species for which seeds could not be obtained are shown as

"

"-" under the seed weight column.

Species Disturbance Stress cl;i:lee Watoe:g-;t:l)srage Life form See?n:\:ge)ight
Arenaria lanuginosa Rohrb* 7.2 0.0 A w/o Therophyte 0.046
Aristida adscensionis L* 5.2 24 A w/o Therophyte 0.375
Aristida divaricata Lag*A 10 0.0 P w/o Hemicryptophyte 0.592
Aristida schiedeana Trin & Rupr* 5.9 0.0 P w/o Hemicryptophyte 1.244
Bouteloua hirsuta Lag*A 5.6 6.4 P w/o Hemicryptophyte 0.516
Bouteloua repens Kunth*A 10 8.1 P w/o Hemicryptophyte 0.476
Bouteloua scorpioides LagtA 7.1 2.6 P w/o Hemicryptophyte 0.426
Buchnera pusilla Kunth*A 4.3 0.0 A w/o Therophyte -
Bulbostylis tenuifolia Nees* 4.4 1.3 P w/o Hemicryptophyte 0.138
Conyza filaginoides HierontA 7.8 6.5 A w/o Therophyte 0.192
Crusea diversifolia Kunth*A 5.3 0.0 A w/o Therophyte 0.609
Cyperus seslerioides Kunth*A 6.7 6.3 P w/ Geophyte 0.048
Dalea sericea Lag*A 7.3 0.0 P w/o Therophyte 0.960
Dichondra argentea Humb. & Bonpl.TA 6.3 4.1 P w/o Hemicryptophyte -
Digitaria bicornis Roem. & Schult*A 7.7 2.4 A w/o Therophyte 0.578
Dyssodia papposa Kuntzet 10 0.0 A w/o Therophyte 0.616
Echeandia flavescens Schult. & Schult.f.*A 4.8 3.6 P w/o Geophyte -
Euphorbia indivisa Engelm+t 10 0.0 A w/o Therophyte -
Euphorbia mendezii BoisstA 10 5.8 A w/o Therophyte -
Euphorbia tricolor Greenm*A 6.1 3.9 P w/0 Chamaephyte -
Evolvulus sericeus SW*A 10 0.0 A w/o Hemicryptophyte -
Florestina purpurea Rydb*A 6.0 5.6 A w/o Therophyte 0.249
Helianthemum glomeratum Lag* 5.0 0.0 P w/o Chamaephyte 3.44
Heliotropium foliosissimum J.F.MacbrtA 10 0.0 P w/o Hemicryptophyte -
Heterosperma pinnatum Cav* 6.3 1.5 A w/0o Therophyte 1.042
Ipomoea capillacea G.Don* 3.8 34 p w/ Geophyte 7.326
Loeselia coerulea G.Don*A 6.8 3.0 P w/o Hemicryptophyte 0.521
Mammillaria hernandezii Glass & R.A. Foster*A 10 6.1 P w/ Chamaephyte -
Microchloa kunthii DesviA 7.6 6.1 P w/o Hemicryptophyte 0.130
Milla biflora Cav*A 5.9 4.9 P w/ Geophyte 2.026
Muhlenbergia peruviana Steud* 3.9 23 A w/o Therophyte 0.127
Mubhlenbergia phalaroides KunthtA 6.2 1.6 P w/o Chamaephyte 0.156
Muhlenbergia rigida Kunth*A 0.9 0.0 P w/o Hemicryptophyte 0.102
Nothoscordum bivalve L* 6.5 35 P w/ Geophyte -
Oxalis lunulata Zucc*A 4.9 1.8 P w/ Geophyte -
Phemeranthus oligospermus Brandegee* 8.2 8.3 P w/ Chamaephyte 0.116
Plantago nivea Kunth*A 4.7 4.4 P w/o Hemicryptophyte 1.878
Portulaca pilosa L* 7.5 8.0 P w/ Chamaephyte -
Richardia tricocca Torr. & A.Gray*A 5.1 0.0 P w/o Hemicryptophyte 1.015
Sanvitalia procumbens Lam*A 7.7 2.9 A w/o Therophyte 0.458
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Species Disturbance Stress cI;icflee Wat::;t:::age Life form See((in\;vge)ight
Sedum oteroi Moran*A 4.5 10 P w/ Chamaephyte 0.03
Sporobolus tenuissimus Kuntze *A 7.4 7.9 P w/o Hemicryptophyte 0.064
Stenandrium dulce Nees*A 0.0 0.0 P w/ Geophyte -
Stevia ephemera Grashoff*A 5.6 1.5 A w/o Therophyte 0.352
Tagetes micrantha Cav* 5.5 10 A w/o Therophyte 0.366
Thymophylla aurantiaca Rydb* 4.0 5.7 A w/o Therophyte 0.145
Tridax coronopifolia Hemsl*A 10 39 A w/o Therophyte 0.586
Tripogandra purpurascens S.Schauert 4.5 0.0 A w/o Therophyte 0.894
Tripogon spicatus Nees*A 7.5 5.6 P w/o Hemicryptophyte 0.065
Zornia reticulata Sm*A 7.8 0.0 A w/o Therophyte -
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