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Abstract

Abstract Plants with crassulacean acid metabolism (CAM) are increasing their abun-
dance in drylands worldwide. The drivers and mechanisms underlying the increased
dominance of CAM plants and CAM expression (i.e., nocturnal carboxylation) in facul-
tative CAM plants, however, remain poorly understood. We investigated how nutrient
and water availability affected competition between Mesembryanthemum crystallinum
(a model facultative CAM species) and the invasive C, grass Bromus mollis that co-
occur in California’s coastal grasslands. Specifically we investigated the extent to
which water stress, nutrients, and competition affect nocturnal carboxylation in
M. crystallinum. High nutrient and low water conditions favored M. crystallinum over
B. mollis, in contrast to high water conditions. While low water conditions induced
nocturnal carboxylation in 9-week-old individuals of M. crystallinum, in these low
water treatments, a 66% reduction in nutrient applied over the entire experiment did
not further enhance nocturnal carboxylation. In high water conditions M. crystallinum
both alone and in association with B. mollis did not perform nocturnal carboxylation,
regardless of the nutrient levels. Thus, nocturnal carboxylation in M. crystallinum was
restricted by strong competition with B. mollis in high water conditions. This study
provides empirical evidence of the competitive advantage of facultative CAM plants
over grasses in drought conditions and of the restricted ability of M. crystallinum to use
their photosynthetic plasticity (i.e., ability to switch to CAM behavior) to compete with
grasses in well-watered conditions. We suggest that a high drought tolerance could
explain the increased dominance of facultative CAM plants in a future environment
with increased drought and nitrogen deposition, while the potential of facultative
CAM plants such as M. crystallinum to expand to wet environments is expected to be
limited.
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1 | INTRODUCTION

Climate change studies predict an intensification of drought in many
drylands around the world (Easterling et al., 2000; IPCC 2013). Human
activities associated with fertilizer applications have dramatically in-
creased atmospheric nitrogen deposition, a trend that is expected to
continue in the decades to come (Goulding et al., 1998; Galloway et al.,
2008). These key global change drivers (i.e., altered water and nutrient
conditions) have been found to greatly affect ecological processes
such as interspecific interactions in ecosystems where C; and/or C,
plants dominate (Niu, Liu, & Wan, 2008; Van der Waal et al., 2009). It
remains unclear, however, how water and nutrient conditions affect
plants with crassulacean acid metabolism (CAM) and their competi-
tive relationship with other functional types (but see Yu & D'Odorico,
2015, 2017; Yu, D’Odorico, Li, & He, 2017).

Crassulacean acid metabolism, a unique photosynthetic pathway
evolving from C; photosynthesis, is expressed by ~6%-7% of vas-
cular plant species (Smith & Winter, 1996; Crayn, Smith, & Winter,
2004). CAM plants feature nocturnal CO, uptake, water storage, and
a high water use efficiency (Littge, 2004; Borland, Barrera Zambrano,
Ceusters, & Shorrock, 2011). Obligate CAM species perform nocturnal
carboxylation independently of environmental conditions, while the
behavior of facultative CAM plants depends on environmental drivers
(i.e., water stress; Luttge, 2004; Borland et al., 2011). Because of its
photosynthetic plasticity and water-conserving mode, crassulacean
acid metabolism has been recognized as one of the most intriguing
plant adaptations to water stress (Cushman & Borland, 2002; Winter &
Holtum, 2007), which provides CAM plants with ecological opportuni-
ties to increase their abundance in a changing environment (Drennan
& Nobel, 2000; Cushman & Borland, 2002; Borland, Griffiths, Hartwell,
& Smith, 2009; Reyes-Garcia, 2009).

This study investigated the effects of nutrient and water condi-
tions on competition between the model facultative CAM species
Mesembryanthemum crystallinum and its C, competitor Bromus mollis,
which co-occur in California’s coastal grasslands (Vernon, Ostrem,
Schmitt, & Bohnert, 1988; Schmitt, 1990; Winter & Holtum, 2014).
M. crystallinum is native to southern and eastern Africa and was in-
troduced to, and then spread throughout, western Australia, the
Mediterranean basin, and along the coasts of the western United
States, Mexico, and the Caribbean (Adams et al., 1998). In natural hab-
itats, it germinates and establishes in the rainy season with C; photo-
synthesis and then switches to CAM photosynthesis in response to
environmental stress (e.g., low water and/or high salinity). This switch
in photosynthetic pathway occurs when M. crystallinum transitions
from juvenile to adult (=>6-7 weeks old) and develops secondary/
succulent leaves alongside shoots (Osmond, 1978; Winter & Holtum,
2007, 2014). This CAM behavior in M. crystallinum can revert back to
C, photosynthesis after removing the source of environmental stress,
thus demonstrating the crucial role of environmental controls in CAM
behavior (Vernon et al., 1988; Schmitt, 1990; Winter & Holtum, 2014).
Field observations show that M. crystallinum appears to be increasing
its abundance in coastal California (Vivrette & Muller, 1977; Corbin &

D’Antonio, 2009), while its potential expansion in a future changing

environment (i.e., increased drought and nitrogen deposition) remains
unclear.

Mesembryanthemum crystallinum with high drought tolerance
would be expected to outcompete B. mollis in a future drier climate.
Increased N deposition would increase high growth rates and water
usage of grasses (B. mollis) in the wet (rainy) season (McCown &
Williams, 1968), which increases water stress of grasses in the subse-
guent dry season, and thus potentially favors M. crystallinum by releas-
ing competitive pressure from grasses. In comparison, in consistently
wet conditions B. mollis could sustain higher growth rates, especially
in high N conditions, and thus have a competitive advantage with re-
spect to M. crystallinum in access to light, soil water, and nutrients.
This competitive advantage by B. mollis may exert biotic stress on
M. crystallinum. However, it remains unclear whether M. crystallinum
may adapt to biotic stress from B. mollis by switching to CAM photo-
synthesis, a strategy of photosynthetic plasticity found to increase its
reproduction rate and fitness (Winter & Ziegler 1992; Cushman et al.,
2008; Herrera, 2009). Testing these novel hypotheses would provide
new insights into crassulacean acid metabolism as an adaptive strat-
egy to both abiotic and biotic stress. The ability of facultative CAM
plants to adapt to strong competition enhances their potential to ex-
pand in wet environments, an aspect that has been largely ignored in
the past decade.

Another knowledge gap is the effects of nutrient availability
(mainly N) on CAM expression in M. crystallinum. Some studies in
obligate CAM species indicate that N deficiency limited the rate of
CAM photosynthesis (Winter, Foster, Schmitt, & Edwards, 1982;
Nobel, 1983), presumably because of the N requirements by the en-
zymes used for photosynthesis. In contrast, other studies show that
CAM plants (including both obligate and facultative) grown in con-
ditions with lower N availability had a higher CAM expression (Ota,
1988; Paul & Cockburn, 1990; Liittge, 2006; Winter & Holtum, 2011).
Recent studies recognized the role of carbohydrates (i.e., 3-carbon
acceptor phosphoenolpyruvate, PEP which is produced by degrading
starch/sugars) as substrates in nocturnal carboxylation (Borland &
Dodd, 2002; Antony & Borland, 2008; Antony et al., 2008). Haider,
Barnes, Cushman, and Borland (2012) found that CAM expression
in a starch-deficient mutant of M. crystallinum was suppressed under
high salt additions. Indeed, the only study to investigate the effects of
N and P deficiency on CAM expression in M. crystallinum found that
CAM expression increased (Paul & Cockburn, 1990). However, the N
and P deficiency was applied at the adult stage, after the plants were
able to accumulate a sufficient amount of carbohydrates from earlier
growth stages with no N and P limitation. It is unclear how nutrient
treatments applied in early life stages and their interactions with water
availability could affect CAM expression in M. crystallinum.

We conducted greenhouse experiments in which the seedlings of
M. crystallinum and B. mollis in both monoculture and mixtures were
subjected to two nutrient levels (“high” and “low”) and two water levels
(“high” and “low”). Plant responses were evaluated through measure-
ments of gas exchange, concentrations of titratable acidity, aboveground
plant N, biomass, and productivity. We asked: (i) How does competition
between M. crystallinum and B. mollis respond to nutrient and water
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conditions? (i) Is the physiological plasticity of facultative CAM in
M. crystallinum an adaptive strategy for competition with B. mollis? (jii)
How does nutrient availability and its interactions with water availability

influence CAM expression and reversibility in M. crystallinum?

2 | MATERIALS AND METHODS

2.1 | Experimental design

Mesembryanthemum crystallinum seeds were germinated in plas-
tic trays covered with 1-2 mm substratum of mineral soil in the
greenhouse facility at the University of Virginia. Likewise, seeds
of B. mollis were germinated in plastic pots (14.5 cm in diameter
and 10.5 cm in height with a capacity of 1.3 L) in the greenhouse.
Germination started on 6 September 2015, and by 20 September
2015, seedlings of M. crystallinum and B. mollis were ready to be
transplanted in either monoculture (one individual of M. crystalli-
num or 20 individuals of B. mollis) or a mixture (one individual of
M. crystallinum and 20 individuals of B. mollis with M. crystallinum
located in the middle of each pot). A mixture of Canadian sphag-
num peat moss and calcined clay (3:2) was used; this soil had high
hydraulic conductivity to simulate sandy conditions in California’s
coastal grasslands.

The study used a randomized block experiment design in which
the seedlings of M. crystallinum and B. mollis in both monoculture
and mixture were subjected to two nutrient fertilization levels (high
and low) under high and low water conditions. This experiment had
three stages of plant harvest (Figure 1), and there were six replicates
arranged in six blocks for each measurement in each stage. Fertilizer
was applied in the form of Peters Professional 20-20-20 (20% total
N including 3.2% NH,-N, 5.3% NO,-N, and 11.5% urea, 20% P,O.,
20% K,0, as well as other micronutrients). Each pot in high nutrient
conditions received 15 mg N once every 8 days while each pot in low
nutrient conditions received 15 mg N once every 24 days. Plants in
high water conditions were watered every 2 days with an intensity of
8 mm per event during the whole experiment. Plants in low water con-

ditions were watered every 2 days with an intensity of 8 mm per event

Oct 19th

Sep 27th

‘Well-watered conditions

Drought conditions

FIGURE 1 Schematic diagram of water treatments in high and
low water conditions. Black zone represents low-frequency watering
treatment (once every 8 days) while the white zone represents
high-frequency watering treatment (once every 2 days). Plants were
harvested in the first (October 30-31th), second (December 4-5th),
and third (January 4-5th) stages of the experiment. Gas exchange
and titratable acidity were measured 1-2 days before each harvest
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until 19 October 2015 and were then watered every 8 days with an
intensity of 8 mm per event until 6 December 2015, when the water
treatment returned to high water conditions (i.e., watering frequency
of once every 2 days) until the end of the experiments (5 January
2015); thus, this low water treatment was in the form of a “wet-dry-
wet” sequence (Figure 1). We note that, in contrast to previous studies
(Winter & Holtum, 2007, 2014), the low water treatment entailed a
low watering frequency instead of complete interruption of water ap-
plications. The competitive advantage of M. crystallinum over B. mollis
and its successful invasion of coastal California has been attributed to
its high salt tolerance (Vivrette & Muller, 1977). Over this experiment
salts were not added to increase soil salinity because the purpose of
this study was to investigate the potential expansion of M. crystallinum
under increased drought and nitrogen deposition. Plants were sub-
jected to well controlled light (i.e., 12-hr light with photosynthetically
photon flux density (PPFD) of 700-800 pmol m2s™! from 7 a.m. to 7
p.m. EDT) and temperature (i.e., 25°C during the day and 20°C during
the night) conditions.

2.2 | Gas exchange and titratable acidity
measurement

Over the experiment, M. crystallinum produces regular/second-
ary leaves, which allows the measurements of gas exchange using
a standard leaf chamber (2 x 3 cm?) in a Licor 6400 gas analyzer.
Before plant harvest (usually 2 days before), gas exchange for leaves
of M. crystallinum and B. mollis in both monoculture and mixture
were measured using the standard Licor leaf chamber. During the
day, the measurements of gas exchange were made for M. crystal-
linum and B. mollis between 10:00 a.m. and 12:00 p.m. at a constant
leaf temperature of 23°C and photosynthetically active radiation of
1,500 pmol m2s™%; during the night, gas exchange was measured
once every 2 hr between 8 p.m. and 8 a.m. on the following day for
M. crystallinum—both alone and mixed with B. mollis—at a constant
leaf temperature of 23°C and photosynthetic active radiation of
0 pmol m2s™%. Thus, gas exchange was measured once during the
day and several times at night to capture the nocturnal change of
CO, uptake.

After measurements of gas exchange (still before plant harvest),
in each treatment six leaves from six individuals of M. crystallinum
(alone or mixed with B. mollis; one leaf each individual) were sampled
from each plant at 7 a.m. and 5 p.m., respectively, and then stored at
-20°C before measurements of titratable acidity. CAM photosynthe-
sis is characterized by a temporal separation of the dark (i.e., accumu-
lation of 4-C organic acids using phosphoenolpyruvate carboxylase to
fix CO,) and light reactions of photosynthesis (i.e., decarboxylation of
4-C organic acids for Calvin cycle using Rubisco). Thus, a significant in-
crease in titratable acidity overnight indicates the occurrence of CAM
photosynthesis in M. crystallinum. Titratable acidity was measured
using the acid base titration method (Von Caemmerer & Griffiths,
2009), whereby leaf disks (4 cm?) are boiled in 1.5 ml H,O for 5 min
in a microfuge tube; 10 mmol/L NaOH was added into the same tube
with 20 pl of a 1/5 dilution of phenolphthalein as indicator. Titratable
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FIGURE 2 Leaf water potential (LWP) in Mesembryanthemum
crystallinum alone (FC), M. crystallinum in mixture (FCM), Bromus mollis
alone (G), B. mollis in mixture (GM) under different nutrient and water
conditions in the first (a), second (b), and third (c) stages of the experiment.
HNHW, high nutrient and high water conditions; LNHW, low nutrient and
high water conditions; HNLW, high nutrient and low water conditions;
LNLW, low nutrient and low water conditions. Each bar represents the
mean of six values while error bars indicate 95% confidence intervals

acidity was then calculated from the amount of NaOH added (Von
Caemmerer & Griffiths, 2009).

2.3 | Light availability and biomass measurements

Before plant harvest, light intensity in mixture was measured above
and at the bottom of canopies (approximately at ground level) using a
HOBO Pendant® Temperature/Light 64K Data Logger. Relative light
intensity (%) was calculated as the ratio of light intensity under cano-
pies to that above canopies (Sun et al. 2016). Plants were harvested on
October 30-31th (the first stage), December 4-5th (the second stage),
and January 4-5th (the third stage), respectively, with six replicates in
each block in each stage (Figure 1). Mesembryanthemum crystallinum
and B. mollis in mixture were separated; loose roots found in the soil
profile not attached to the parent plant (<5% of total root biomass) were
classified as belonging to M. crystallinum or B. mollis based on root color,
diameter, and shape. Roots were washed free of soil through 0.1-mm
mesh sieves. Plant tissues were dried at 60°C for 72 hr and weighted.
Total biomass and shoot-to-root biomass ratios were calculated. Note
that the samples of fresh M. crystallinum collected for measurements
of titratable acidity were weighted and then converted to dry biomass

using the fresh/dry biomass ratio, based on our measurements.

2.4 | Plant leaf water potential and plant N content

Plant leaf water potential was measured using a Decagon WP4® po-
tentiometer. Plant samples dried at 60°C for 72 hr were ground and
homogenized for elemental analysis. Plant N analysis was performed
using a Thermo Scientific FLASH 2000 NC Analyzer.

2.5 | Statistical analysis

The effects of nutrient treatment, water availability, species competi-
tion and time, as well as their interactions, on plant leaf water poten-
tial (LWP), specific leaf area (SLA), diurnal photosynthetic assimilation
(Ap), total biomass (TB), belowground-to-aboveground biomass ratio
(BA), and aboveground plant total N (APN) were analyzed using a five-
way ANOVA with block as a random factor. The effects of nutrient,
water, species, and time as well as their interactions on soil moisture
were analyzed using a four-way ANOVA with block as a random fac-
tor. The BA values were natural log transformed prior to ANOVA. In
general, the most interesting effects were found in multiway interac-
tions. To explore these interactions, we constructed pairwise orthogo-
nal contrasts to detect differences between individual pairs of means.

All statistics were performed in SAS 9.4.

3 | RESULTS

3.1 | Competition between Mesembryanthemum
crystallinum and Bromus mollis

Leaf water potential in M. crystallinum alone (FC) was significantly
greater than in B. mollis alone (G) and B. mollis in mixture (GM),
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especially in low water conditions over all stages of the experi-
ment (all p < 0.0158, Figure 2). B. mollis both alone and in mixture
died at some time between the first and second stage, as shown
by its extremely low leaf water potential (Figure 2a,b), lack of pho-
tosynthetic assimilation (Figure 3a,b), and lack of increase in total
biomass (Figure 4b,c) in the second and third stages of the experi-
ment. Overall, these results indicate that low water conditions favor
M. crystallinum over B. mollis. The competitive advantage of M. crys-
tallinum over B. mollis in low water conditions was improved after
nitrogen addition, as evidenced by a sharp decrease in leaf water
potential of B. mollis both alone and in mixture in high nutrient, low
water conditions (HNLW; LWP = -0.8/-11.3 MPa for G/GM) versus
low nutrient, low water conditions (LNLW; LWP = -7.6/-6.8 MPa
for G/GM; p < 0.0001, Figure 2a). In fact, B. mollis both alone and
in mixture in HNLW died earlier than LNLW, thus releasing its
competitive pressure on M. crystallinum in mixture. In high water
conditions, B. mollis both alone and in mixture sustained high pho-
tosynthetic assimilation (Figure 3a,b) and biomass (Figure 4a,b). This
exerted strong competitive effects of B. mollis on M. crystallinum in
mixture in access to soil nutrients and light (Figs S1 and S2), thus
leading to consistently lower leaf water potential (Figure 2a,b), pho-
tosynthetic assimilation (Figure 3a,b), and biomass (Figure 4a,b) in
M. crystallinum mixed with B. mollis than M. crystallinum alone over
the three stages of the experiment. Overall, these results show the
competitive advantage of B. mollis over M. crystallinum in high water

conditions.

3.2 | Effects of nutrient availability, water
conditions, and competition on plant response

(Figure 2),

(Figure 3), and total biomass (Figure 4) of all vegetation types were

Leaf water potential photosynthetic assimilation
generally greater in high water conditions than low water conditions
regardless of nitrogen conditions in the first and second stages of
the experiment. The exceptions, however, are the cases of M. crys-
tallinum in mixture where competition outweighed the water effects
(i.e., in terms of leaf water potential, both p = 0.2736 in the second
stage, Figure 2b; in terms of total biomass, all p > 0.8514 in the first
and second stages). Similarly, competition outweighed the nitrogen
effects in some cases, as evidenced by lack of significant increase
in photosynthetic assimilation and total biomass in high nitrogen
conditions as compared to low nitrogen conditions in the second
and third stages of the experiment (Figures 3 and 4). This competi-
tive effect (when grasses were alive) also led to a lower leaf water
potential (Figure 2), photosynthetic assimilation (Figure 3), and total
biomass (Figure 4) in M. crystallinum in mixture than M. crystallinum
alone.

There was a significant effect of nutrient and water interactions
in affecting leaf water potential, photosynthetic assimilation, and
total biomass (Table 1; p < 0.001 for N x water). Similar to the pat-
tern of specific leaf area (Fig. S3), in high water conditions, A of all
vegetation types in high nutrient conditions was significantly greater
than low nutrient conditions (all p < 0.0387, Figure 3). In low water
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FIGURE 3 Photosynthetic assimilation during the day (Ap) in
Mesembryanthemum crystallinum alone (FC), M. crystallinum in mixture
(FCM), Bromus mollis alone (G), B. mollis in mixture with M. crystallinum
(GM) under different nutrient and water conditions in the first (a),
second (b), and third (c) stages of the experiment. Symbols for each
treatment are the same as Figure 2. Each bar represents the mean of
six values while error bars indicate 95% confidence intervals
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FIGURE 4 Total biomass (TB) in Mesembryanthemum crystallinum
alone (FC), M. crystallinum in mixture (FCM), Bromus mollis alone

(G), B. mollis in mixture (GM) under different nutrient and water
conditions in the first (a), second (b), and third (c) stages of the
experiment. Symbols for each treatment are the same as Figure 2.
Each bar represents the mean of six values while error bars indicate
95% confidence intervals

conditions, Ay of all vegetation types in high nutrient conditions was
not significantly different from low nutrient conditions in the first and
second stages (all p > 0.1675, Figure 3a,c). For high water conditions,
an increase in nutrient availability significantly increased total biomass
of M. crystallinum alone (FC), B. mollis alone and B. mollis in mixture in
all three stages of the experiment (all p < 0.0006, Figure 4) except the
case of FC in the first stage (p = 0.122, Figure 4a). In low water con-
ditions, an increase in nutrient availability significantly increased total
biomass of M. crystallinum alone in the third stage (a high water treat-
ment; p = 0.0004, Figure 4c), in contrast to other cases (all p > 0.2667,
Figure 4).

3.3 | Nocturnal photosynthetic assimilation and
titratable acidity of CAM plants

Mesembryanthemum crystallinum (either alone or mixed with B. mollis
grasses) did not perform CAM expression (nocturnal carboxylation) in
the first stage of any of the treatments, as indicated by the negative val-
ues of nocturnal photosynthetic assimilation (A = =1-2 pmol m2s
and the lack of nocturnal accumulation of titratable acidity. In the sec-
ond stage, the Ay of M. crystallinum (both alone and in mixture) was
also negative (=~1-2 pmol m2sYin high water conditions, which was
consistent with the fact there was no significant difference of titrata-
ble acidity (TA) between late afternoon (TA = 48.08/53.98 mmol m™2)
and early morning (TA = 47.61/51.37 mmol m™2). These results indi-
cate that M. crystallinum in mixture did not switch to CAM photosyn-
thesis in response to strong competition with B. mollis. In contrast, low
water treatments in both high nutrient and low nutrient conditions led
to a positive Ay (A = 0.5-0.8 pmol m2s by M. crystallinum alone
and A = 0.3-0.6 pmol m™%s™* by M. crystallinum in mixture) at 1-4
a.m. (Figure 5a) as well as greater TA in early morning than late af-
ternoon (all p < 0.0001, Figure 5b), which indicated CAM expression.
Reduction of nutrient application in M. crystallinum (alone or in mix-
ture) did not significantly affect its A and titratable acidity in late
afternoon and early morning in low water treatments (all p > 0.2548,
Figure 5). Consistent with the pattern of A, titratable acidity in
M. crystallinum in mixture was significantly lower than in M. crystal-
linum alone in both late afternoon and early morning in both HNLW
and LNLW (both p < 0.0411, Figure 5). M. crystallinum (either alone or
mixed with B. mollis grasses) did not perform CAM expression in the
third stage (see legend in Figure 5), which indicates that CAM pho-
tosynthesis was reverted back to C; photosynthesis after removing
environmental stress.

4 | DISCUSSION

4.1 | Competition between Mesembryanthemum
crystallinum and Bromus mollis

We found that M. crystallinum outcompeted B. mollis in low water
treatments regardless of nutrient availability (Figures 2-4). The
death of B. mollis in low water treatments was mainly caused by its
intolerance to water stress exacerbated by the relatively high den-
sity (20 individuals per pot) and high biomass accumulated during
prior high water conditions, which led to high evapotranspiration.
As compared to B. mollis, M. crystallinum had much higher leaf water
potential (Figure 2) and was more tolerant to water stress likely
because of its ability to store the absorbed water in aboveground
biomass (Littge, 2004; Borland et al., 2009). While previous investi-
gations have shown how the higher salt tolerance of M. crystallinum
could account for its competitive advantage and ability to invade
coastal grasslands (Vivrette & Muller, 1977), our study shows how
low water conditions could improve the competitive advantage of
M. crystallinum with respect to B. mollis, which M. crystallinum coex-

ists with in California. Because droughts are predicted to become
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TABLE 1 Results (p values) of five-way factorial ANOVA on total biomass (TB), belowground-to-aboveground biomass ratio (BA),
photosynthetic assimilation during the day (Ap), plant leaf water potential (LWP), specific leaf area (SLA), and aboveground plant N (APN)

df B BA

Nutrient 1 <0.0001 <0.0001
Water 1 <0.0001 <0.0001
Species 1 <0.0001 <0.0001
Competition 1 <0.0001 <0.0001
Time 2 <0.0001 <0.0001
Nutrient x water 1 <0.0001 <0.0001
Nutrient x species 1 - 0.0227
Nutrient x competition 1 0.0192 -
Nutrient x time 2 - -
Water x species 1 <0.0001 <0.0001
Water x competition 1 <0.0001 <0.0001
Water x time 2 <0.0001 <0.0001
Species x competition 1 <0.0001 <0.0001
Species x time 2 <0.0001 -
Competition x time 2 <0.0001 <0.0001
Nutrient x water x species 1 0.0115 0.0213
Nutrient x water x competi- 1 - 0.0038

tion
Nutrient x water x time 2 = =
Nutrient x specie x competi- 1 0.0007 0.0035

tion
Nutrient x species x time 2 - -
Nutrient x competition x time 2 - -
Water x specie x competition 1 <0.0001 <0.0001
Water x species x time 2 <0.0001 <0.0001
Water x competition x time 2 <0.0001 <0.0001
Species x competition x time 2 <0.0001 <0.0001
Nutrient x water x spe- 1 0.0408 -

cies x competition
Nutrient x water x spe- 2 - -

cies x time
Nutrient x water x competi- 2 - -

tion x time
Nutrient x species x competi- 2 - -

tion x time
Water x species x competi- 2 <0.0001 0.0238

tion x time
Nutrient x water x spe- 2 - -

cies x competition x time

Ay LWP SLA APN
<0.0001 0.0075 <0.0001 <0.0001
<0.0001 <0.0001 <0.0001 0.0001
<0.0001 <0.0001 - 0.0004
<0.0001 <0.0001 <0.0001 <0.0001

0.0249 - <0.0001 <0.0001
<0.0001 <0.0001 <0.0001 0.0023
- 0.0139 - 0.0002
= 0.0098 = =
0.0211 <0.0001 - <0.0001
<0.0001 <0.0001 <0.0001 <0.0001
<0.0001 <0.0001 0.0002 0.0017
<0.0001 <0.0001 <0.0001 <0.0001
<0.0001 <0.0001 <0.0001 <0.0001
<0.0001 <0.0001 <0.0001 <0.0001
<0.0001 <0.0001 0.0008 0.0089
<0.0001 <0.0001 = 0.0009
0.0012 <0.0001 = 0.033
0.0188 <0.0001 0.0046 0.0005
<0.0001 <0.0001 <0.0001 0.0402
<0.0001 <0.0001 <0.0001 <0.0001
= <0.0001 0.0099 0.0341
<0.0001 <0.0001 <0.0001 0.0009
- 0.0006 - -
- - - 0.0224
0.0456 <0.0001 0.0112 =

«_»

means not significant (p > 0.05).

more intense across this region (Easterling et al., 2000; IPCC 2013),
dominance by CAM plants, such as M. crystallinum, will likely
increase.

In addition to drought intensification, another driver of environ-
mental change is increased N deposition. Previous studies suggested

that Mediterranean ecosystems such as California grasslands where

M. crystallinum and B. mollis interact could be particularly vulnerable
to impacts from climate change and N deposition (Parton, Ojima, &
Schimel, 1994; Sala, 2000). This study has shown that increased nu-
trient availability and low water availability affected the competitive
relationship between M. crystallinum and B. mollis. In fact, we found

that after ceasing water applications (stage 1 of the experiment) the
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FIGURE 5

(a) Nocturnal change of photosynthetic assimilation (A,) of Mesembryanthemum crystallinum in alone (FC) and mixture (FCM) in

low water conditions in the second stage of the experiment. Symbols for each treatment are the same as in Figure 2. (b) Titratable acidity (TA) of
M. crystallinum alone (FC) and in mixture (FCM) in low water conditions in the second stage. Six refers to 6 p.m. while eight refers 8 a.m. “SED”,
the standard deviation of samples. Both FC and FCM do not express CAM behavior in any treatments during the first and third stages of the
experiment, and thus values of A and TA in these two stages are not shown

leaf water potential of B. mollis—both alone and in mixture—was much
lower with high rates of nutrient supply than in low nutrient conditions
(Figure 3a); we also observed that B. mollis in high nutrient conditions
died earlier (=1-2 weeks) than in low nutrient conditions in response
to drought treatments. Relatively high levels of nutrient availability
increased the biomass of B. mollis, and consequently led to higher
evapotranspiration rates and associated soil moisture depletion,
thereby enhancing plant water stress after watering frequency was
reduced, consistent with other studies (Zavaleta et al., 2003; Harpole,
Potts, & Suding, 2007).

Nutrient level and water co-limited the photosynthesis and pro-
ductivity of M. crystallinum and B. mollis (Figures 3 and 4). These re-
sults were consistent with various studies of grasslands across a large
range of precipitation regimes (Harpole et al., 2007; Eskelinen & Susan
2015). Moreover, we found much lower leaf water potential (Figure 2),
aboveground plant N (Fig. S1), light availability (Fig. S2), photosyn-
thetic assimilation, and total biomass (Figures 3 and 4) in M. crystalli-
num in mixture than alone; thus, B. mollis exerted a strong competition
effect on M. crystallinum for access to soil nutrients and light in high
water conditions. This competition effect even outweighed the posi-
tive direct effects of increased nutrient availability on photosynthetic
assimilation and total biomass of M. crystallinum (Figures 3 and 4) and
the reduction in root/shoot ratio (Fig. S4). In fact, high-stature B. mollis
took advantage of increased nutrient availability and constrained the
growth of low-stature M. crystallinum by enhancement of shade ef-
fects (Yang et al., 2011; Sun, Yu, Shugart, & Wang, 2015). In agreement
with other studies (Tilman, 1988; Lane, Coffin, & Lauenroth, 2000;
Harpole et al., 2007), M. crystallinum in response to light competition
increased the biomass allocation to aboveground (Fig. S4), suggest-
ing a shift in limiting resources from belowground (nutrients) to abo-

veground (light).

4.2 | CAM expression and reversibility in
Mesembryanthemum crystallinum as affected by
competition

Surprisingly, in high water conditions, M. crystallinum in mixture did
not switch from C; photosynthesis to CAM expression over the en-
tire experiment, a type of physiological plasticity M. crystallinum typi-
cally uses to adapt to environmental stress (Osmond, 1978; Winter
& Holtum, 2007, 2014) and increase production of seeds and overall
fitness (Cushman et al., 2008; Herrera, 2009). As discussed above, it
is possible that light competition outweighed the effect of water com-
petition on M. crystallinum in mixture with B. mollis. High-frequency
watering (once every 2 days) in high water conditions may alleviate
the water stress of M. crystallinum even if it is competing with B. mol-
lis. Other studies, however, indicated that even moderate water stress
can induce CAM expression in M. crystallinum and that this effect in-
creases with plant age (Winter & Holtum, 2007, 2014).

Alternatively, in high water conditions photosynthesis and produc-
tivity of M. crystallinum in association with B. mollis was substantially
suppressed (Figures 3 and 4) and thus did not have sufficient carbo-
hydrates reserves (Antony & Borland, 2008; Antony et al., 2008) to
switch to CAM expression in response to water stress. Similarly, CAM
expression under salt stress was found to be suppressed in a starch-
deficient mutant of M. crystallinum (Haider et al., 2012) likely because,
to maintain metabolism and growth, plants need to partition carbohy-
drates into other sinks, which compete with the substrate requirement
by nocturnal carboxylation (Borland & Dodd, 2002). Moreover, it was
also observed that in high water conditions, M. crystallinum (mixed
with B. mollis) did not develop secondary leaves, a trait indicating the
transition to adult stage in which CAM expression may be induced
(Adams et al., 1998; Winter & Holtum, 2007). This is in contrast to
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the case of low water treatments (Figure 5), in which M. crystallinum
reached the adult stage and was therefore capable of developing CAM
expression. These results may stress the importance of plant maturity
in terms of sufficient carbohydrates instead of plant age in affecting
CAM expression in M. crystallinum. These results also indicate that the
ability of M. crystallinum to adapt to strong competition by switching
to CAM photosynthesis could be restricted in high water conditions.

4.3 | CAM expression and reversibility in
Mesembryanthemum crystallinum as affected by
abiotic factors

Our research shows that CAM expression in M. crystallinum was the
result of environmental controls in response to droughts, consistent
with other studies (Vernon et al., 1988; Schmitt, 1990; Piepenbrock
& Schmitt, 1991; Winter & Holtum, 2007, 2014). This was demon-
strated both by the lack of CAM expression in M. crystallinum during
the whole three stages in high water conditions, and the reversibility
of CAM expression after returning to high water conditions in low
water treatments.

Previous studies investigated the effects of N deficiency and its inter-
actions with light on CAM expression in CAM plants, but they reported
a mixed response: in some cases, N deficiencies had a negative and in
others a positive effect on CAM photosynthesis (Winter et al., 1982;
Nobel, 1983; Ota, 1988). Our study shows that in low water conditions,
there was no significant difference in CAM expression by M. crystallinum
between high nutrient and low nutrient conditions (Figure 5). Paul and
Cockburn (1990) applying adequate N and P supply to young seedlings,
leading to sufficient photosynthesis and carbohydrate accumulation,
found a positive response of CAM expression in adults of M. crystallinum
to N and P deficiency. In our study, low nutrient availability (one-third
of high nutrient conditions) was applied during all stages; in low water
conditions, photosynthesis and production of carbohydrate are mainly
limited by soil moisture instead of nutrients (Figures 3 and 4), implying
that low nutrient supply is still adequate relative to water conditions
and could sustain sufficient carbohydrate for nocturnal carboxylation.
Although low nutrient supply was a limiting factor of plant photosynthe-
sis and productivity in high water conditions (Figures 3 and 4), CAM ex-
pression in M. crystallinum did not occur because of lack of water stress
(Figure 5; Osmond, 1978; Winter & Holtum, 2007, 2014). These results
were in line with the studies that showed that CAM was best expressed
in facultative Kalanchoe lateritia at moderately low N conditions (i.e.,
with N applications 20% of the reference rate) as compared to ambient
and very low N availability, likely because sufficient carbohydrate and
environmental stress (i.e., N deficiency) were both satisfied under mod-
erately low N (Santos & Salema 1991, 1992).

This study investigated the ecophysiological mechanisms under-
lying the potential advantage of a model facultative CAM species
(M. crystallinum) while interacting with a C; species (B. mollis) found
in California’s coastal grasslands under nutrient and water manipula-
tions. We found that because of its drought tolerance, M. crystallinum
had a competitive advantage relative to B. mollis in low water and N
deposition conditions. In high water conditions, however, B. mollis was
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a stronger competitor for soil nutrients and light resources. This strong
competition restricted the ability of M. crystallinum to switch to CAM
expression—a type of physiological plasticity used by M. crystallinum
to adapt to environmental stress and to increase seed production and
plant fitness. With an increasing trend of drought and nitrogen depo-
sition in the coming decades, we suggest that the dominance of CAM
plants is likely to increase in drylands in a future environment. The
lack of ability to adapt to strong competition by switching to CAM
photosynthesis in high water conditions suggests that the potential
of facultative CAM plants such as M. crystallinum to expand to wet
environments would be restricted.

ACKNOWLEDGMENTS

This research was funded through a fellowship from China Scholarship
Council, a grant from the VPR Office of the University of Virginia, and
a grant from the National Socio-Environmental Synthesis Center, NSF
DBI-1052875. We would like to thank Wei Li, Yongli He, and Wendy
Crannage for their help in experiments.

AUTHOR CONTRIBUTIONS

K.Y., P.D., and S.C. designed the research; K.Y. developed and per-
formed experiments; K.Y., D.C., and A.P. analyzed data; K.Y. wrote the

manuscript; and all others contributed to revisions.

REFERENCES

Adams, P., Nelson, D. E., Yamada, S., Chmara, W., Jensen, R. G., Bohnert, H. J.,
& Griffiths, H. (1998). Growth and development of Mesembryanthemum
crystallinum (Aizoaceae). New Phytologist, 138, 171-190.

Antony, E., & Borland, A. M. (2008). The role and regulation of sugar trans-
porters in plants with Crassulacean acid metabolism. Progress in Botany,
70, 127-143.

Antony, E., Taybi, T., Courbot, M., Mugford, S., Smith, J. A. C., & Borland,
A. M. (2008). Cloning, localisation and expression analysis of vacuo-
lar sugar transporters in the CAM plant Ananas comosus (pineapple).
Journal of Experimental Botany, 59, 1895-1908.

Borland, A. M., Barrera Zambrano, V. A., Ceusters, J., & Shorrock, K. (2011).
The photosynthetic plasticity of crassulacean acid metabolism: An evo-
lutionary innovation for sustainable productivity in a changing world.
New Phytologist, 191, 619-633.

Borland, A. M., & Dodd, A. N. (2002). Carbohydrate partitioning in crassu-
lacean acid metabolism plants: Reconciling potential conflicts of inter-
est. Functional Plant Biology, 29, 707-716.

Borland, A. M., Griffiths, H., Hartwell, J., & Smith, J. A. C. (2009). Exploiting
the potential of plants with crassulacean acid metabolism for bioen-
ergy production on marginal lands. Journal of Experimental Botany, 60,
2879-2896.

Corbin, J. D., & D’Antonio, C. M. (2009). Not novel, just better: Competition
between native and non-native plants in California grasslands that
share species traits. Plant Ecology, 209, 71-81.

Crayn, D. M., Smith, J. A. C., & Winter, K. (2004). Multiple origins of cras-
sulacean acid metabolism and the epiphytic habit in the neotropical
family Bromeliaceae. Proceedings of the National Academy of Sciences of
the United States of America, 101, 3703-3708.

Cushman, J. C., Agarie, S., Albion, R. L., Elliot, S. M., Taybi, T., & Borland,
A. M. (2008). Isolation and characterization of mutants of common ice



YU ET AL.

&LWI LEy_Ecology and Evolution

Open Access,

plant deficient in crassulacean acid metabolism. Plant Physiology, 147,
228-238.

Cushman, J. C., & Borland, A. M. (2002). Induction of crassulacean acid me-
tabolism by water limitation. Plant, Cell and Environment, 25, 295-310.

D’Antonio, C. M., & Vitousek, P. M. (1992). Biological invasions by ex-
otic grasses, the grass/fire cycle, and global change. Annual Review of
Ecology and Systematics, 23, 63-87.

Drennan, P. M., & Nobel, P. S. (2000). Responses of CAM species to in-
creasing atmospheric CO, concentrations. Plant Cell and Environment,
23,767-781.

Easterling, D. R., Meehl, G. A., Parmesan, C., Changnon, S. A, Karl, T. R., &
Mearns, L. O. (2000). Climate extremes: Observations, modeling and
impacts. Science, 289, 2068-2074.

Eskelinen, A., & Harrison, S. P. (2015). Resource colimitation governs
plant community responses to altered precipitation. Proceedings of
the National Academy of Sciences of the United States of America, 112,
13009-13014.

Galloway, J. N., Townsend, A. R., Erisman, J. W., Bekunda, M., Cai, Z.,
Freney, J. R, ... Sutton, M. A. (2008). Transformation of the nitrogen
cycle: Recent trends, questions and potential solutions. Science, 320,
889-892.

Goulding, K. W. T., Bailey, N. J., Bradbury, N. J., Hargreaves, P., Howe, M.,
Murphy, D. V., ... Willison, T. W. (1998). Nitrogen deposition and its
contribution to nitrogen cycling and associated soil processes. New
Phytologist, 139, 49-58.

Haider, M. S., Barnes, J. D., Cushman, J. C., & Borland, A. M. (2012). A
CAM- and starch-deficient mutant of the facultative CAM species
Mesembryanthemum crystallinum reconciles sink demands by reparti-
tioning carbon during acclimation to salinity. Journal of Experimental
Botany, 63, 1985-1996.

Harpole, W. S., Potts, D. L., & Suding, K. N. (2007). Ecosystem responses to
water and nitrogen amendment in a California grassland. Global Change
Biology, 13, 2341-2348.

Herrera, A. (2009). Crassulacean acid metabolism and fitness under water
deficit stress: If not for carbon gain, what is facultative CAM good for?
Annals of Botany, 103, 645-653.

Lane, D. R., Coffin, D. P., & Lauenroth, W. K. (2000). Changes in grassland
canopy structure across a precipitation gradient. Journal of Vegetation
Science, 11, 359-368.

Luttge, U. (2004). Ecophysiology of crassulacean acid metabolism (CAM).
Annual of Botany, 93, 629-652.

Luttge, U. (2006). Photosynthetic flexibility and ecophysiological plasticity:
Questions and lessons from Clusia, the only CAM tree, in the neo-
tropics. New Phytologist, 171, 7-25.

McCown, R. L., & Williams, W. A. (1968). Competition for nutrients and
light between the annual grassland species Bromus Mollis and Erodium
Botrys. Ecology, 49, 981-990.

Niu, S. L., Liu, W. X,, & Wan, S. Q. (2008). Different growth response of C,
and C, grasses to seasonal water and nitrogen regimes and competition
in a pot experiment. Journal of Experimental Botany, 59, 1431-1439.

Nobel, P. S. (1983). Nutrient levels in cacti-relation to nocturnal acid ac-
cumulation and growth. American Journal of Botany, 70, 1244-1253.

Osmond, C. B. (1978). Crassulacean acid metabolism: A curiosity in con-
text. Annual Review of Plant Physiology, 29, 379-414.

Ota, K. (1988). Stimulation of CAM photosynthesis in Kalanchoe blossfeldi-
ana by transferring to nitrate-deficient conditions. Plant Physiology, 87,
454-457.

Parton, W. J., Qjima, D. S., & Schimel, D. (1994). Environmental change in
grasslands: Assessment using models. Climate Change, 28, 111-141.

Paul, M. J., & Cockburn, W. (1990). The stimulation of CAM activity in
Mesembryanthemum crystallinum in nitrate- and phosphate-deficient
conditions. New Phytologist, 114, 391-398.

Piepenbrock, M., & Schmitt, J. M. (1991). Environmental control of phos-
phonol pyruvate carboxylase induction in mature. Plant Physiology, 97,
998-1003.

Reyes-Garcia, Andrade. (2009). Crassulacean acid metabolism under global
climate change. New Phytologist, 181, 754-757.

Sala, O. E., Chapin, F. S., Armesto, J. J., Berlow, E., Bloomfield, J., Dirzo, R.,
... Wall, D. H. (2000). Global biodiversity scenarios for the year 2100.
Science, 287, 1770-1774.

Santos, I, & Salema, R. (1991). Nitrogen metabolism and the level of
Crassulacean acid metabolism in Kalanchoé lateritia Engl. Plant, Cell
and Environment, 14, 311-317.

Santos, I., & Salema, R. (1992). Effect of nitrogen nutrition on nitrate and
nitrite reductase, glutamine synthetase, glutamate synthetase and glu-
tamate dehydrogenase in the CAM plant Kalanchoe lateritia Engl. Plant
Science, 84, 145-152.

Schmitt, J. M. (1990). Rapid concentration changes of phosphoenolpyru-
vate carboxylase mRNA in detached leaves of Mesembryanthemum
crystallinum L. in response to wilting and rehydration. Plant, Cell and
Environment, 13, 845-850.

Smith, J. A. C., & Winter, K. (1996). Taxonomic distribution of crassulacean
acid metabolism. Crassulacean acid metabolism. In K. Winter, & J. A. C.
Smith (Eds.), Crassulacean acid metabolism: Biochemistry, ecophysiology
and evolution (pp. 427-436). Berlin, Germany: Springer-Verlag.

Sun, X. M., Yu, K. L., Shugart, H., & Wang, G. (2015). Species richness loss
after nutrient additions as affected by N: C ratio and plant endogenous
hormones in an alpine meadow. Journal of Plant Ecology, 9, 201-211.

Sun, X. M., Yu, K. L., Shugart, H., & Wang, G. (2016). Species richness loss
after nutrient additions as affected by N: C ratio and plant endogenous
hormones in an alpine meadow. Journal of Plant Ecology, 9, 201-211.

Suttle, K. B., Thomsen, M. A, & Power, M. E. (2007). Species interactions re-
verse grassland responses to changing climate. Science, 315, 640-642.

Tilman, D. (1988). Dynamics and structure of plant communities. Princeton,
NJ: Princeton University Press.

Van der Waal, C., de Kroon, H., de Boer, W. F., Heitkonig, I. M. A., Skidmore,
A.K., de Knegt, H. J., ... Slotow, R. (2009). Water and nutrients alter her-
baceous competitive effects on tree seedlings in a semiarid savanna.
Journal of Ecology, 97, 430-439.

Vernon, D. M., Ostrem, J. A., Schmitt, J. M., & Bohnert, H. J. (1988).
PEPCase transcript levels in Mesembryanthemum crystallinum decline
rapidly upon relief from salt stress. Plant Physiology, 86, 1002-1004.

Vivrette, N. J., & Muller, C. H. (1977). Mechanism of invasion and dom-
inance of coastal grassland by Mesembryanthemum crystallinum.
Ecological Monographs, 47, 301-318.

Von Caemmerer, S., & Griffiths, H. (2009). Stomatal responses to CO2 during
a diel Crassulacean acid metabolism cycle in Kalanchoe daigremontiana
and Kalanchoe pinnata. Plant, Cell and Environment, 32, 567-576.

Winter, K., Foster, J. G., Schmitt, M. R., & Edwards, G. E. (1982). Activity and
quantity of ribulose bisphosphate carboxylase and phosphoenolpyru-
vate carboxylase-protein in two crassulacean acid metabolism plants in
relation to leaf age, nitrogen nutrition, and point in time during a day/
night cycle. Planta, 154, 309-317.

Winter, K., & Ziegler, H. (1992). Induction of Crassulacean acid metabo-
lism in Mesembryanthemum crystallinum increases reproductive suc-
cess under conditions of drought and salinity stress. Oecologia, 92,
475-479.

Winter, K., & Holtum, J. A. M. (2007). Environment or development?
Lifetime net CO, exchange and control of the expression of crassu-
lacean acid metabolism in Mesembryanthemum crystallinum. Plant
Physiology, 143, 98-107.

Winter, K., & Holtum, J. A. M. (2011). Induction and reversal of crassu-
lacean acid metabolism in Calandrinia polyandra: Effects of soil moisture
and nutrients. Functional Plant Biology, 38, 576-582.

Winter, K., & Holtum, J. A. M. (2014). Facultative crassulacean acid me-
tabolism (CAM) plants: Powerful tools for unravelling the functional
elements of CAM photosynthesis. Journal of Experimental Botany, 65,
1-17.

Yang, H. J,, Li, Y., Wu, M. Y., Zhang, Z., Li, L. H., & Wan, S. Q. (2011). Plant
community responses to nitrogen addition and increased precipitation:



YU ET AL

Ecology and Evolution 11
=4 e W1 LEYy- %

The importance of water availability and species traits. Global Change SUPPORTING INFORMATION
Biology, 17, 2936-2944.

Yu, K. L., & D’Odorico, P. (2015). Direct and indirect facilitation of plants Additional Supporting Information may be found online in the sup-
with crassulacean acid metabolism (CAM). Ecosystems, 18, 985-999. porting information tab for this article.

Yu, K. L., & D'Odorico, P. (2017). From facilitative to competitive interac-
tions between woody plants and plants with crassulacean acid metab-

Yo, clJ<I'|sIr_1.1 ’ (g'?‘or\:lj)c');:j’ r;l‘e ij r\]/:llfra&uﬁe(?e;c?t(é%;’;{ d;::;gc); lgf' iifpt i How to cite this article: Yu K, D'Odorico P, Carr D, Personius A,
tion on induction of crassulacean acid metabolism in a facultative Collins SL. The effect of nitrogen availability and water
CAM plant. Oecologia, 184, 351-361. https:/doi.org/10.1007/ conditions on competition between a facultative CAM
s00442-017-3868-6

Zavaleta, E. S., Shaw, M. R,, Chiariello, N. R., Thomas, B. D., Cleland, E.
E., Field, C. B., & Mooney, H. A. (2003). Grassland responses to three
years of elevated temperature, CO,, precipitation, and N deposition.
Ecological Monographs, 73, 585-604.

plant and an invasive grass. Ecol Evol. 2017;00:1-11.
https://doi.org/10.1002/ece3.3296



https://doi.org/10.1007/s00442-017-3868-6
https://doi.org/10.1007/s00442-017-3868-6
https://doi.org/10.1002/ece3.3296

