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ABSTRACT

The aim of this study was to analyze the performance of Acaena elongata colonized by arbuscular mycorrhizal
fungi (AMF) to different phosphorus (P) concentrations, as a measure of AMF dependency. A. elongata, is a spe-
cies from soils where P availability is limited, such as temperate forests. Our research questions were: 1) How do
different P concentrations affect the AMF association in Acaena elongata, and 2) How does the AMF association
influence A. elongata’s growth under different P concentrations? A. elongata’s growth, P content in plant tissue,
AMF colonization and dependency were measured under four P concentrations: control (0 g P kg−1), low
(0.05 g P kg−1), intermediate (0.2 g P kg−1) and high (2 g P kg−1) in different harvests. A complete randomized
block design was applied. A. elongata’s growth was higher under -AMF in intermediate and high P concentra-
tions, and the lowest growth corresponded to +AMF in the low and intermediate P concentration. We observed
a negative effect on the root biomass under +AMF in intermediate P concentration, while the P concentration had
a positive effect on the leaf area ratio. The AMF colonization in A. elongata decreased in the highest P concen-
tration and it was favored under intermediate P concentration; while the low and the high concentrations gen-
erated a cost-benefit imbalance. Our results suggest that the performance of some plant species in soils with
low P availability may not be favored by their association with AMF, but a synergy between AMF and intermedi-
ate P concentrations might drive A. elongata’s growth.
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1 Introduction

The availability of essential nutrients for the plants, as nitrogen (N) and phosphorus (P), is limited in soil
of temperate forests, severely affecting the growth and reproduction of plant species in these forests [1,2].
Phosphorus availability is determined by the interaction of biotic and abiotic factors, such as the parental
material type, weathering, pedogenesis, and organic matter decomposition [3]. The soils of some
temperate forests are Andosols, which show slightly acid pH values (pH = 5.4 to 6.5) as well as a high
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content of organic matter (OM = 13% to 34%), which favor the retention of phosphates (PO4
3−) [4,5]. In

these soils with andic properties, the limited P availability is attributed to their high capability of
phosphates retention (PR) ≥ 85%, caused by their amorphous clay fraction (e.g., allophane, imogolite and
ferrihydrite) and the formation of complex aluminum (Al3+) and ferric (Fe2+) organo-minerals. These
compounds show a high specific surface and many reactive sites for the retention of phosphates, which
are increased in soils with acid pH [6,7]. It is estimated that P availability in soils vary from 2 ppm to
30 ppm [8]. This high capability of phosphates retention in forest acid soils affect the growth and
nutrition of plants, since phosphorus is critical for several physiological, biochemical and structural
processes of plants [9–11].

In temperate forests, anthropogenic disturbances can induce P limitation affecting the supply of other
nutrients, most often N [12]. The increase in P cycling observed in N-fertilized soils typically is
insufficient to balance the increased rate of N inputs, and P often becomes limiting [13]. Also, it has been
shown that livestock and habitat deterioration promote a reduction in available P and an increase in soil
pH [14]. This could be explained due to cation release during the mineralization of cattle manure, which
increases soil pH and favors P precipitation in unavailable forms for plants [15]. On the other hand, these
anthropogenic disturbances also modify the structure and composition of plant communities, favoring the
establishment of species that show adaptive strategies to colonize disturbed sites [16]. An anthropogenic
disturbance indicator plant species is either a native or introduced species that increases its abundance in
sites that have already been changed by humans [16,17]. Such is the case of Acaena elongata L.
(Rosaceae), which geographic distribution is restricted to temperate forests and mountain areas; mainly in
the understory of Abies religiosa (Kunth) Schltdl. & Cham., (Pinaceae) forests [18,19]. This species is a
successful colonizer of disturbed sites because of its life history traits; for instance, it has a high growth
rate, an exozoochorous dispersal, a high tolerance to a great variety of environmental conditions and a
constant flower and fruit production throughout the year [5,20,21]. The establishment of this type of
plants has important ecological implications, due to the fact that they can contribute to the maintenance
of microenvironmental conditions of the soil; thus, favoring the community microbial activity and
functionality in the soil, as is the case of the arbuscular mycorrhizal fungi (AMF) [22,23].

The plants that are associated with AMF increase their P absorption in soils with low availability of this
nutrient [24]. It is known that AMF improve the growth, survival and reproductive success of their hosts as a
response to an increase in the uptake of nutrients and water, through extraradical hyphae [25–27]. The
functionality of AMF, as well as the plant’s growth, are strongly regulated by the P availability in the soil
[28]. A low P availability has been linked to a higher AMF colonization in plant roots and to a positive
effect of the AMF association on host growth (mutualism); while an increase in the availability of this
nutrient can negatively affect or even inhibit the interaction between AMF and roots but a positive effect
on host growth (antagonism), with species-specific thresholds [29,30]. This variation in the response of
the AMF association and the host growth have ecological implications, which are important in the
ecosystem function because it may favor the dominance of certain plant species [31,32]. Thus, the high
dominance of a species may have strong affectations in the ecosystem functions, because it can cause a
homogenization in the AMF composition; for instance, especially if dominant plants are specialists and
dependent on AMF colonization [31]. Given the importance that soil P availability has for the
functionality of AMF association and in the growth and development of plants, research on those species
that have a high capability to colonize and develop in disturbed sites is needed, this is the case of A.
elongata, which has a high competitive capability, for what has been proposed as a anthropogenic
disturbance indicator plant species with the possibility of impacting the structure and composition of
communities, and the ecosystem functions as well [5,33].

It has been suggested that disturbance indicator plant species with highly competitive capability do not
show a strong dependency on their interaction with AMF [24,34]. However, there is evidence that the
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response of this type of plants to AMF colonization is variable and can favor their growth and survival [35].
The relation between anthropogenic disturbance indicator species that become dominant in the vegetation
and the AMF, in terms of the plant’s performance in an ecosystem, where P availability is low has been
scarcely studied. Therefore, the aim of this study was to analyze the performance of A. elongata, colonized
by AMF to different P levels, as a measure of AMF dependency. Therefore, our research questions were: 1)
How do different P concentrations affect the AMF association in Acaena elongata, and 2) How does the
AMF association influence A. elongata’s growth under different P concentrations? It is known that a low
and intermediate P availability in soil may favor the AMF association, while a high availability of this
nutrient can have negative effects on this association [30]. Thus, we expect that the AMF colonization and
A. elongata’s growth will be increase under low and intermediate P concentrations; while under the highest
P concentration, the AMF colonization will decrease but not plant growth.

2 Materials and Methods

2.1 Study Site
At the Magdalena river basin (MRB), the Abies religiosa forest is part of the temperate forest that

constitutes the remaining vegetation at Mexico City (CDMX) [36]. This forest has approximately 1,130 ha
of extension and represents 37.8% of the total surface, which makes it the most extensive vegetation type
within the MRB [37]. The climate is temperate sub-humid, where mean annual temperature is 18°C, mean
annual precipitation is 1, 200 mm and thermal oscillation is lower than 5°C. The rainy season extends from
May to October, while the dry season occurs from November to April. Landscape slopes vary from 2° to
50°. The two dominant soil groups are Leptozols and humic Andosols [4]. In these soils, the interval of
available P concentration varies between 2 ppm and 20 ppm, which is similar to the reported for other
temperate forests [38,39]. Tab. 1 shows some soil parameters of the study site.

2.2 Soil Sampling and Processing
In the A. religiosa forest, the reported AMF spore density is 170/50 g of dry soil [40]. Twenty-nine

morphospecies of AMF have been registered. The most abundant genera are Acaulospora with 78% of
the total spores, Ambispora with 9%, Claroideoglomus with 5%, Funneliformis with 4%, Archaeospora,
Diversispora, Glomus, Rhizophagus, Sclerocystis and Scutellospora, had all together 4% [5,40].

Therefore, we sampled 560 kg of soil in different spots within the A. religiosa forest of the MRB; these
samples corresponded to the first 20 cm deep, previously removing the litter. The soil was homogenized and
divided in two parts. The first one was used with the native AMF inoculum for the “with AMF = +AMF”
treatment. The second part was pasteurized (100°C; 1.4 kg cm−2; 1 h, this procedure was repeated for
three consecutive days) and used for the “without AMF = −AMF”.

Table 1: Mean values ± SD of soil parameters in the Abies religiosa forest in the Magdalena river basin
during the rainy and the dry seasons in 2017

Season pH EC
1:5 H2O mmhos/c dSm−1

MO (%)
Walkley-Black

PO4-Olsen (ppm) Nt (%)
Kjeldahl

Rainy 5.94 ± 0.4 0.08 ± 0.1 25.01 ± 5.7 7.0 ± 4.4 0.72 ± 0.2

Dry 5.98 ± 0.2 0.08 ± 0.02 19.93 ± 4.79 5.87 ± 3.5 0.60 ± 0.6
EC = electric conductivity, MO = organic matter, P = phosphorus and Nt = total nitrogen
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2.3 Seeds Collect and Germination
Approximately 1,250 seeds (achenes, fruits) of A. elongata were collected in October and November

2016; since these months have been registered as the highest for the presence of mature fruits [5]. Seeds
were dried at room temperature for a month. All seeds were disinfected with 10% sodium hypochlorite
for 10 minutes, and were set for germination in pots with sterile vermiculite and watered daily, and after
60 days 91% of germination was reached.

2.4 Determination of Soil P Concentrations for Experimental Treatments
Phosphorus concentrations were selected based on 180 data of soil available P (ppm, PO4

3− Olsen)
registered in previous sampling from 2012 to 2017, in this study site. In this way, we established four
levels of P concentration (Tab. 2). The fertilizer used was triple superphosphate [Ca (H2PO4)2-H2O], also
known as monocalcium phosphate.

2.5 Experimental Design
We set a greenhouse (3 m × 6 m) in the A. religiosa forest of the MRB, where we placed eight tables

(blocks, 2 m × 1 m each). We use black plastic bags (with 1 kg of soil), perforated in the base to allow
water drainage.

We designed the experiment considering the AMF factor (+AMF, –AMF), P factor with four
concentrations (0 g P kg−1, 0.05 g P kg−1, 0.2 g P kg−1 and 2 g P kg−1) and six times of measurement
(harvests). A complete randomized block design was used in order to reduce noise factors, as well as to
reduce and control the variance of the experimental error, as it has been implemented in other studies by
[41,42]. Blocks were incorporated as a random factor. In total we had 480 seedlings (240 +AMF
and 240 −AMF).

Acaena elongata plants were transplanted once they reached 20.5–35.1 mm height. Fifteen days after the
transplant, we added the fertilizer in the mentioned concentrations. Plants were watered with distilled water
twice per week throughout a year.

We also installed a HOBO data logger (Lascar, EasyLog EL-USB2, Massachusetts, USA); in the
greenhouse to measure mean monthly temperature values. During the experiment a mean annual
temperature of 9.6°C, a minimum of −2.5°C and a maximum of 27°C were registered.

2.6 Growth Parameters
For each treatment we selected 10 plants. The number of leaves was counted, and height, cover and stem

diameter were measured in each plant every two months, through a year. The cover of each individual was
obtained using the perpendicular diameters registered with a digital vernier (Mitutoyo, 500-196-20/30
0–150 mm/0-6” Japan); we assumed that, for each individual, the cover presents a circular shape, it was
calculated following the equation:

Table 2: Phosphorus concentration in the soil of the Abies religiosa forest at the Magdalena river basin, at
Mexico City and P concentration under experimental conditions in the greenhouse

Treatments P in forest soil (g PO4
3− kg−1) P added (g PO4

3− kg−1)

Control 0

Low 0.002 0.05

Intermediate 0.01 0.2

High 0.036 2
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C ¼ p
D1þ D2

4

� �2

(1)

where: C = cover, D1 = horizontal diameter, D2 = vertical diameter.

On the other hand, with the rest of the plants, six harvests were carried out with five individuals
randomly selected, per treatment, in six different times. We obtained indirect measurements of growth
through a destructive method. We registered the leaf area of each plant with field portable leaf area meter
device (OPTI-SCIENCES, AM300, USA); the chlorophyll content with a chlorometer (OPTI-SCIENCES,
CCM-300, USA); and the total fresh weight (TFW) afterwards the plants were dried in a Riossa oven at
72°C, during 24 hours until reaching a constant weight, the total dry weight was measured (TDW), as
well as the root and shoot weight, using an analytical balance (OHAUS, AX1502, USA). Finally, the
dried plant material was grounded and analyzed for P concentration, following the modified semi-
Kjeldahl method and using ammonium molybdate-ascorbic acid colorimetric method for autoanalyzers [43].

For the plant growth measurement, indirect parameters were determined through the following
equations proposed by [44]:

i) Relative growth rate (RGR):

RGR DW ¼ ln TDWtþ1 � ln DWt

t þ 1ð Þ � t
(2)

where: RGR DW = Relative Growth Rate of the dried weight, lnTDWt = natural logarithm of the total dried
weight at time t, lnTDWt+1 = Natural logarithm of the total dried weight at time t + 1.

ii) Dried matter (DM): Shows the percentage that the dried weight represents in relation to fresh weight:

DM ¼ DW

FW
� 100 (3)

where: DM = Dried matter in percentage, DW = Weight of the sample after being dried, FW = Weight of the
sample before being dried.

iii) Relation root/shoot (R/S):

R=S ¼ DWr

DWs
(4)

where: DWr = Root dried weight, DWs = Shoot dried weight.

iv) Root mass fraction (RMF):

RMF ¼ DWr

TDW
(5)

where: DWr = Dried weight of the root, TDW = Total dried weight of the plant.

v) Leaf area ratio (LAR):

LAR ¼ LA

TDW
(6)

where: LA = Leaf area, TDW = Total dried weight of the plant.

2.7 AMF Colonization of Roots
AMF colonization was carried out in five individuals randomly selected from each treatment. The finest

roots were extracted. Roots were processed according to the method of Koske et al. [45], with KOH 10%,
HCl 10% and stained with trypan blue 0.05%. Afterwards, 20 to 25 root fragments, of approximately 2 cm
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long, were fixed on permanent slides. The number of fragments depended on the age of the plant and P
concentration, and they were placed in a parallel way on the slide. Finally, we quantified the AMF
colonization through the method of McGonigle [46] using an optic microscope (NYKON, eclipse E-
100LEDMV, Japan), with 20X and 40X objectives, where the minimum number of observed fields was 80.

The colonized fields were observed by the presence of aseptated hyphae, arbuscules and vesicles. Thus,
we determined the colonization percentage through the following equation:

AMF colonization %ð Þ ¼ Number of colonized fields

Total number of observed fields
100ð Þ (7)

2.8 Relative Field Mycorrhizal Dependency
Relative field mycorrhizal dependency (RFMD) is an index that estimates the effect of AMF on the DW

of plants with and without mycorrhiza. The value intervals of this index are between –∞ and 100% [47].

RFMD ¼ TDWm gð Þ � TDW nm gð Þ
TDWm

� �
100ð Þ (8)

where: TDWm = total dried weight of the mycorrhized plant and DWnm = total dried weight of the non-
mycorrhized plant.

3 Data Analysis

To know the effect that each factor and time had on the height, cover, stem diameter, number of leaves,
chlorophyll content, total dried weight, dried matter, root/shoot ratio, radical proportion, leaf area ratio and
AMF colonization percentage, we carried out mixed effects linear models (LME library) [48], with the R
software, version 3.3.1 [49]. We used the residuals to check normal distribution and homogenous variances.
The coefficients of linear prediction were estimated using the method of maximum restricted likelihood
(REML). Most of the data were transformed, except for LAR, in order to accomplish with the model
assumptions. Height, cover, stem diameter, leaf number, dried matter and the root/shoot ratio were processed
through the Rank function (average method); the TDW value and chlorophyll content were calculated
through the log function. AMF colonization percentage was transformed with the arcsin (x)/100 function.

We also carried out a generalized linear model (lme4 library, GLM), McCullagh et al. [50] to know the
effect of the interaction of the AMF factor with P concentration and time on the relative growth rate (RGR)
and on the P content in the plant tissue. The RGR was analyzed as repeated measures. We worked with a
Gamma probabilistic model and an “identity” binding function. The control treatment under −AMF in 0 g
P kg−1, was used as a reference level.

The RFMD index was analyzed with a one-way analysis of variance (ANoVA). In this case, we applied a
multiple comparison of means through a Tukey test [51], to know the differences between treatments.

We calculated Spearman’s correlation coefficients (library corrplot) for the variables of height, cover,
stem diameter, leaves number, DW, DM, R/S, RMF, LAR, AMF colonization and P concentration in the
plant. In all cases, p ≤ 0.05 was taken as significant.

4 Results

4.1 Growth of Acaena elongata
We observed that AMF factor with P concentration and time had a significant effect (p < 0.001) on the plant’s

height, cover, stem diameter, number of leaves, DW, root/shoot ratio, root mass fraction (RMF), leaf area ratio
and chlorophyll content; while the interaction between these factors did not have a significant effect on these
growth variables (Tabs. 3 and 4). The growth of A. elongata increased significantly under −AMF in low and
intermediate P concentrations, while it was not favored under +AMF in intermediate P concentration.
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Plant’s height (�X = 89.2 S.D. = ±7.4 mm), cover (�X = 0.030 ± 0.0027) m2, and TDW (�X = 2.29 ± 0.41 g)
were the highest under −AMF in 0.2 g P kg−1; while the lowest means of height (�X = 47.32 ± 3.02 mm),
cover (�X = 0.011 ± 0.0013 m2), number of leaves (�X = 72 ± 8.66 leaves) and TDW (�X = 1.08 ± 0.36 g)
occurred under +AMF in 0.2 g P kg−1. Stem diameter was higher under +AMF in 0.05 g P kg−1 and
2 g P kg−1 (�X = 2.22 ± 0.14 mm, �X = 2.64 ± 0.19 mm, respectively); while, the lowest value was
observed under +AMF in 0.2 g P kg−1 (�X = 1.42 ± 0.09 mm).

The root/shoot ratio (�X = 2.56 ± 0.57) was the highest under +AMF in 0.2 g P kg−1, and the lowest was
registered at +AMF in 0.05 g P kg−1 (�X = 0.54 ± 0.085). The highest chlorophyll content ocurred under
-AMF fungi in P control (�X = 389.74 ± 18.9 (mg/m2) and the lowest in the treatment under +AMF in
2 g P kg−1 (�X = 342.15 ± 25.5 mg/m2). The RMF resulted the highest under +AMF and −AMF in P
control (�X = 0.46 ± 0.036, �X = 0.41 ± 0.025) but the lowest was observed under +AMF in 0.05 g P kg−1

(�X = 0.32 ± 0.028). LAR was higher under +AMF in 0.05 g P kg−1, 0.2 g P kg−1 and 2 g P kg−1.

According to the generalized linear model (GLM), AMF factor with P concentration and time had a
significant effect on RGR; while the interaction between these factors did not have a significant effect. A
significant decrease was observed in the RGR under +AMF and −AMF in 0.05 g P kg−1 and 0.2 g P kg−1

with +AMF (Tab. 5).

4.2 AM Fungal Colonization of A. elongata Roots
The P concentration had a significant effect (P<0.05) on the AMF colonization percentage according to

the LME. Under 0 g P kg−1 (�X = 31.6 ± 12.1%), 0.05 g P kg−1 (�X = 33.5 ± 14.1%) and 0.2 g P kg−1

(�X = 28.49 ± 11.5%), highest values of AMF colonization were observed, in contrast under 2 g P kg−1

we observed the lowest AMF colonization percentage �X = 20.7 ± 14.7% (Fig. 1).

Table 3: Summary of the statistical results of the mixed effects linear model (LME) for height, cover, stem
diameter and number of leaves of Acaena elongata grown in greenhouse conditions. Where: AMF factor x [P]
is the interaction in AMF factor (+AMF and -AMF)with P concentrations (control, low, intermediate and high)

Source of variation Height Cover Stem diameter Leaves

df F p F p F p F p

AMF x [P] 7, 565 910.9 <0.001 9.5 <0.001 3.2 <0.01 4.9 <0.001

Time 7, 565 10.8 <0.001 129.9 <0.001 102.8 <0.001 129.9 <0.001

AMF x [P]: Time 49,565 0.7 0.843 0.7 0.921 0.8 0.800 0.8 0.76
Note: Significant differences are shown in bolds (p < 0.05).

Table 4: Summary of the statistical results of the mixed effects linear model (LME) for TDW = Total dried
weight, R/S = root/shoot ratio, RMF = root mass fraction, LAR = leaf area ratio and Chlor = Chlorophyll
content of Acaena elongata L. grown in greenhouse conditions. Where: AMF factor x [P] is the
interaction in AMF factor (+AMF and -AMF) with P concentrations (control, low, intermediate and high)

Source of variation TDW R/S RMF LAR Chlor

df F p F p F p F p F p

AMF x [P] 7, 192 8.2 <0.01 3.5 <0.01 3.1 <0.01 3.3 <0.01 7.75 <0.01

Time 5,192 164.5 <0.01 32.1 <0.01 35.1 <0.01 34.7 <0.01 31.21 <0.01

AMF x [P]: Time 35, 192 1.8 0.1 1.5 0.052 1.4 0.050 1.7 0.013 4.17 <0.01
Note: Significant differences are shown in bolds (p < 0.05).
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The Relative field mycorrhizal dependency (RFMD) showed significant differences among P
concentrations, according to ANoVa (F(3,24) = 2.85, p = 0.049). This index was positive only for control,
0 g P kg−1 (�X = 24.1 ± 26.1, Fig. 2).

Table 5: Summary of the statistical results of the general linear model (GLM) for RGR = relative growth rate
of Acaena elongata L. under greenhouse conditions. Where: P_0 = 0 g P kg−1, P_0.05 = 0.05 g P kg−1,
P_0.2 = 0.2 g P kg−1, P_2 = 2 g P kg−1. Time2 = 140 days, Time3 = 196 days, Time4 = 252 days,
Time5 = 308 days, Time6 = 364 days

Source of variation RGR (g*g*d−1)

df Coeficient t [P(>|t|)]

Intercep 180 0.057 5.427 <0.0001

P_0 A+MF 180 −0.003 −0.759 0.454

P_0.05 -AMF 180 −0.008 −2.401 0.023

P_0.05 +MF 180 −0.006 −1.841 0.076

P_0.2 -AMF 180 −0.004 −1.088 0.286

P_0.2 +AMF 180 −0.007 −2.002 0.055

P_2 -AMF 180 −0.004 −1.221 0.232

P_2 AMF 180 0.008 1.280 0.211

Time2 180 −0.044 −4.378 <0.0001

Time3 180 −0.042 −4.133 <0.0001

Time4 180 −0.041 −3.970 <0.0001

Time5 180 −0.048 −4.755 <0.0001

Time6 180 −0.043 −3.990 <0.0001
Note: Significant differences are shown in bolds.

Figure 1: Arbuscular mycorrhizal fungal colonization percentage in the roots of Acaena elongata in
different P concentrations. Grey bars correspond to AMF factor: –AMF, +AMF. Means ± S.D. Different
letters indicate significant differences at p < 0.05
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4.3 Spearman’s Correlations
Positive and significant correlations were found (p < 0.05) in height, cover, stem diameter, number of

leaves and chlorophyll content for all P concentrations. Indirect variables of growth such as: TDW, DM,
R.S, RMF and LAR, showed a heterogeneous behavior according to P concentration. The AMF
colonization showed a positive correlation with LAR and P concentration at treatment 0 g P kg−1. This
last correlation was maintained for treatment 0.05 g P kg−1; while for treatment 0.2 0 g P kg−1 the
correlation with P was negative (Fig. 3).

5 Discussion

The association between anthropogenic disturbance indicator plant species and AMF could have
positive effects on the plants growth through helping them to endure the low P availability in the
temperate forest soils [52,53]. It is known that under low or intermediate P concentrations in the soil,
AMF colonization can promote the absorption of P by the host plant, giving as a result a benefit in its
growth [30,54,55]. In this study, we observed that AMF did not show a significant positive effect on most
of the measured growth parameters of A. elongata, since the highest values of height, cover, leaves,
chlorophyll, TDW, DM and RMF corresponded to the plants under –AMF in low (0.05 g P kg−1),
intermediate (0.2 g P kg−1) and high (2 g P kg−1) P concentrations. However, AMF seem to have a
positive effect on some growth parameters of their host under +AMF in the control (0 g P kg−1) and the
low (0.05 g P kg−1) P concentrations, for example in the plant’s tissue (%) and leaf area ratio. This result
could be supported by the Spearman’s correlation values, where the percentages of AMF colonization
showed a positive correlation with LAR and the P content in the plant`s tissue. This can presumably be
associated to the fact that AMF affect the leaf area by total dry weight unit (m2 � kg−1); this is why they
probably and indirectly promote an increase of fixed carbon (C) by photosynthesis, from which it is
known that between 20 and 50% is translocated to the maintenance of the functionality of the AMF
association [56]. It is already known that the C flux from the plant to the AMF is proportional to the
amount of P that these fungi give back to their host [57].

Phosphorus availability in soil is a driver for the plant’s growth and for the AMF function [24,28,30]. We
observed an increase in the AMF colonization percentage under low and intermediate concentrations, with
respect to the control treatment; while in a high concentration the colonization percentage significantly
decreased. It is important to mention that LAR values were significantly higher under +AMF in the
highest P concentrations; this is why, in the case of A. elongata growth (in terms of the LAR), this
parameter was presumably favored by the increase of P concentration in the soil, more than by the AMF
association. Under high nutrient concentrations in the soil, the growth of -AMF plants surpasses the
growth of +AMF plants, this is due to the fact that a higher P availability promotes the increase of dried

Figure 2: Relative field mycorrhizal dependency (RFMD) for P concentrations. Means ± SD
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weight and root growth in the plants, which is related to higher growth rates of central and lateral roots, as
well as a higher elongation and production of root hairs, suggesting that the plant is, thus, more efficient in
nutrient acquisition; therefore, showing an possibly antagonistic interaction associated to the fact that the
costs of the association exceed the benefits for the plant [30,58]. In Fig. 4, we can clearly observe how
the AMF colonization is higher in low (0 and 0.05 g P kg−1) P concentration; on the opposite way, when
soil P availability is higher, the colonization percentage is reduced significantly.

It is important to consider that the life history traits of A. elongata are part of some evolutionary factors
that can also shape its association with AMF, and that possibly could contribute to explain our results. A.
elongata is an anthropogenic disturbance indicator species and it has biological attributes that allow it to
be successful in soils with low P availability. These features involve a fast increase in the plants size, in
order to acquire more resources (light, water and nutrients) and an efficient root system to explore more

Figure 3: Significant Spearman’s correlation values (p < 0.05) are shown, positive correlations in blue, and
negative correlations in red, where 0 g P kg−1, b = 0.05 g P kg−1, c = 0.2 g P kg−1, and d = 2 g P kg−1. The
intensity of color determines the degree of correlation
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soil volume [16]. For instance, growth rates also have a genetic component, which would explain the absence
of significant differences in the RGR among the examined treatments. Nevertheless, under conditions of
nutrients limitations, the AMF can work as facilitators in soil buffering stress conditions that the host
plant has to face in disturbed sites, and therefore, having a positive impact on some processes of the
plant’s life cycle. This could have been reflected in the control treatment, which was the only one that
showed a positive response to mycorrhiza (RFDM), which suggests that A. elongata showed a favorable
response in terms of the TDW to AMF colonization; while in the treatments with higher P concentrations,
plants showed negative RFDM. According to [59], in infertile soils the response of plants to mycorrhizal
inoculation would be positive, because fungal cost in terms of C is equivalent to the P absorption by the
mycorrhiza, even though this absorption can also decrease due to any other limiting nutrient [24,60].

It has been demonstrated that the association between anthropogenic disturbance indicator plant species
and AMF can have positive impacts on their establishment, survival, growth or reproductive success, in this
way increasing their competitive capability [31,26,61,62]. Hence, it is necessary to focus future research on
other aspects of the role of these fungi on the germination, reproductive phenological phases, establishment
and survival at long term of A. elongata, as an anthropogenic disturbance indicator species critical for the
dynamics of the A. religiosa forest here studied.

The success of A. elongata in disturbed sites within the A. religiosa forest, at the MRB, is linked to its
fast growth and mycorrhizal dependency positive under P limitation conditions. Thus, AMF can play an
important role in the establishment of this anthropogenic disturbance indicator species, since they confer
tolerance to environmental stress in disturbed sites, as an adaptive biotic mechanism to the low P
availability in the soil.

Besides, our results indicate that available P in the soil regulates the growth and the response to
mycorrhiza of A. elongata, and that an increase in soil P availability, may have critical ecological
implications for both symbionts, on one side the fast growth of A. elongata may be favored, and on the
other, the amount of P in the soil can also decrease or inhibit the AMF colonization, since the plant will
have a negative response to AMF association, which could possibly negatively affect the AMF
community and favoring the dominance of this disturbance indicator plant species.

Figure 4: Change in the AMF colonization percentage (fragmented line with diamond marker) and in
LAR = Leaf area ratio is the photosynthetic surface area per unit dry weight of a plant (dotted line with
circle marker) according to added P concentration
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6 Conclusion

Our study is the first one that provides an experimental data that explains the relationship between A.
elongata and AMF under variability conditions of P added, which contributes to understanding the role
of AMF on the performance of anthropogenic disturbance indicator plants inhabiting temperate forests.
Ours results indicate that AMF not necessarily benefit Acaena elongata’s growth in soils with low P
availability, and that there might be a synergy between AMF and intermediate P concentrations in the soil.

Acknowledgement: We are grateful to Dr. Irene Sánchez-Gallén for her technical assistance in the
determination of AMF colonization, Biól. Marco Romero-Romero for his general technical support, and
Dr. Alicia O. Hernández-Castillo for English language editing of the manuscript. Special thanks to the
Magdalena Atlitic community for allowing us to work in their forest. YV-S acknowledges the Consejo
Nacional de Ciencia y Tecnología (CONACyT)-Mexico (No. 868569) for scholarships to purse a Master
in Science degree in the Postgraduate in Biological Sciences, UNAM.

Funding Statement: This research was partially financially supported by the Program provided by DGAPA-
PAPIIT IN211118.

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the
present study.

References
1. Zhu, Y. G., Smith, S. E. (2001). Seed phosphorus (P) content affects growth, and P uptake of wheat plants and their

association with arbuscular mycorrhizal (AM) fungi. Plant and Soil, 231(1), 105–112. DOI 10.1023/
A:1010320903592.

2. Pourhassan, N., Bruno, S., Jewell, M. D., Shipley, B., Roy, S. et al. (2016). Phosphorus and micronutrient
dynamics during gymnosperm and angiosperm litters decomposition in temperate cold forest from Eastern
Canada. Geoderma, 273, 25–31. DOI 10.1016/j.geoderma.2016.03.018.

3. Boschetti, N. G. (2001). Dinámica de las fracciones orgánicas e inorgánicas del fósforo del suelo y su
disponibilidad para las plantas (Master Thesis). Universidad Nacional de Buenos Aires.

4. INEGI (2006). Instituto Nacional de Estadística y Geografía. https://www.inegi.org.mx/.

5. Vázquez-Santos, Y., Castillo-Argüero, S., Martínez-Orea, Y., Sánchez-Gallén, I., Vega-Frutis, R. et al. (2019). The
reproductive phenology of Acaena elongata and its relation with arbuscular mycorrhizal fungi. Symbiosis, 79(2),
129–140. DOI 10.1007/s13199-019-00629-z.

6. Barreal, M. E., Camps, M., Macías, F., Fertitta, A. E. (2001). Phosphate and sulphate retention by nonvolcanic
soils with andic properties. Soil Sciences, 166(10), 691–707. DOI 10.1097/00010694-200110000-00005.

7. Alcaláde, J., Hidalgo, M., Gutiérrez, C. (2009). Mineralogy and phosphate retention in Andosols. Terra
Latinoamericana, 27, 275–286.

8. Barton, P. S., Sato, C. F., Kar, G. M., Florence, D., Lindenmayer, D. B. (2016). Effects of environmental variation
and livestock grazing on ant community structure in temperate eucalypt woodlands. Insect Conservation and
Diversity, 9(2), 124–134. DOI 10.1111/icad.12151.

9. Ritter, E., Starr, M., Vesterdal, L. (2005). Losses of nitrate from gaps of different sizes in a managed beech (Fagus
sylvatica) forest. Canadian Journal of Forest Research, 35(2), 308–319. DOI 10.1139/x04-185.

10. Cornwell, W. K., Cornelissen, J. H., Amatangelo, K., Dorrepaal, E., Eviner, V. T. et al. (2008). Plant species traits
are the predominant control on litter decomposition rates within biomes worldwide. Ecology Letters, 11(10), 1065–
1071. DOI 10.1111/j.1461-0248.2008.01219.x.

11. Cerón, R. L. E., Aristizábal, G. F. A. (2012). Nitrogen and phosphorus cycles dynamics in soils. Revista
Colombiana de Biotecnología, 14, 285–295.

616 Phyton, 2021, vol.90, no.2

http://dx.doi.org/10.1023/A:1010320903592
http://dx.doi.org/10.1023/A:1010320903592
http://dx.doi.org/10.1016/j.geoderma.2016.03.018
https://www.inegi.org.mx/
http://dx.doi.org/10.1007/s13199-019-00629-z
http://dx.doi.org/10.1097/00010694-200110000-00005
http://dx.doi.org/10.1111/icad.12151
http://dx.doi.org/10.1139/x04-185
http://dx.doi.org/10.1111/j.1461-0248.2008.01219.x


12. Maynard, D. G., Paré, D., Thiffault, E., Lafleur, B., Hogg, K. et al. (2014). How do natural disturbances and human
activities affect soils and tree nutrition and growth in the Canadian boreal forest? Environmental Reviews, 22(2),
161–178. DOI 10.1139/er-2013-0057.

13. Vitousek, P. M., Porder, S., Houlton, B. Z., Chadwick, O. A. (2010). Terrestrial phosphorus limitation:
Mechanisms, implications, and nitrogen-phosphorus interactions. Ecological Applications, 20(1), 5–15. DOI
10.1890/08-0127.1.

14. Bonilla-Valencia, L., Martínez-Orea, Y., Castillo-Argüero, S., Barajas-Guzmán, G., Romero-Romero, M. A. et al.
(2017). Reproductive phenology of understory species in an Abies religiosa (Pinaceae) forest in the Magdalena
River Basin, Mexico City. Journal of the Torrey Botanical Society, 144(3), 313–327. DOI 10.3159/TORREY-
D-16-00024.1.

15. Dorrough, J., Moxham, C., Turner, V., Sutter, G. (2006). Soil phosphorus and tree cover modify the effects of
livestock grazing on plant species richness in Australian grassy woodland. Biological Conservation, 130(3),
394–405. DOI 10.1016/j.biocon.2005.12.032.

16. Baker, H. G. (1974). The evolution of weeds. Annual Review of Ecology and Systematics, 5(1), 1–24. DOI
10.1146/annurev.es.05.110174.000245.

17. Villaseñor, J. L., Espinosa-García, Y. F. (1998). Catálogo de malezas de México. Universidad Nacional Autónoma
de México, Consejo Nacional Consultivo Fitosanitario y Fondo de Cultura Económica, México, DF.

18. Rzedowski, G. C., de Rzedowski, J., (2001). Flora fanerogámica del Valle de México. 2a ed. Instituto de Ecología
y Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. Pátzcuaro, Michoacán, México.

19. Santibañez-Andrade, G., Castillo-Argüero, S., Martínez-Orea, Y. (2015). Evaluación del estado de conservación de
la vegetación de los bosques de una cuenca heterogénea del Valle de México. Bosque (Valdivia), 36(2), 299–313.
DOI 10.4067/S0717-92002015000200015.

20. Augspurger, C. K. (1983). Phenology, flowering synchrony, and fruit set of six neotropical shrubs. Biotropica, 15
(4), 257–267. DOI 10.2307/2387650.

21. Molinillo, M. F., Brener, A. G. F. (1993). Cattle as a dispersal agent of Acaena elongata (Rosaceae) in the
cordillera of Merida, Venezuela. Rangeland Ecology & Management/Journal of Range Management Archives,
46, 557–561.

22. van Dam, N. M. (2009). How plants cope with biotic interactions. Plant Biology, 11(1), 1–5. DOI 10.1111/j.1438-
8677.2008.00179.x.

23. Guadarrama, P., Castillo, S., Ramos-Zapata, J. A., Hernández-Cuevas, L. V., Camargo-Ricalde, S. L. (2014).
Arbuscular mycorrhizal fungal communities in changing environments: The effects of seasonality and
anthropogenic disturbance in a seasonal dry forest. Pedobiologia, 57(2), 87–95. DOI 10.1016/j.
pedobi.2014.01.002.

24. Smith, S. E., Read, D. J. (2010). Mycorrhizal symbiosis, pp. 787–788. 3a edition. Nueva York: Academic Press.
Elsevier.

25. Hart, M., Klironomos, J. N. (2002). Diversity of arbuscular mycorrhizal fungi and ecosystem functioning. In: van
der Heijden, M. G. A., Sanders, I. R. (eds.), Mycorrhizal ecology, pp. 225–239. Alemania: Springer.

26. Fumanal, B., Plenchette, C., Chauvel, B., Bretagnolle, F. (2006). Which role can arbuscular mycorrhizal fungi play
in the facilitation of Ambrosia artemisiifolia L. invasion in France? Mycorrhiza, 17(1), 25–35. DOI 10.1007/
s00572-006-0078-1.

27. González-Mendoza, D., García-López, A., Ceceña-Duran, C., Grimaldo-Jurarez, O., Aviles-Marín, M. et al.
(2015). Hongos micorrizicos arbusculares y sus efectos en elcrecimiento de diferentes cultivares de Capsicum
annum L. Phyton, 84(2), 345–350. DOI 10.32604/phyton.2015.84.345.

28. Krüger, M., Teste, F. P., Laliberté, E., Lambers, H., Coghlan, M. et al. (2015). The rise and fall of arbuscular
mycorrhizal fungal diversity during ecosystem retrogression. Molecular Ecology, 24(19), 4912–4930. DOI
10.1111/mec.13363.

29. Thrall, P. H., Hochbert, M. E., Burdon, J. J., Bever, J. D. (2007). Coevolution of symbiotic mutualists and parasites
in a community context. Trends in Ecology & Evolution, 22(3), 120–126. DOI 10.1016/j.tree.2006.11.007.

Phyton, 2021, vol.90, no.2 617

http://dx.doi.org/10.1139/er-2013-0057
http://dx.doi.org/10.1890/08-0127.1
http://dx.doi.org/10.3159/TORREY-D-16-00024.1
http://dx.doi.org/10.3159/TORREY-D-16-00024.1
http://dx.doi.org/10.1016/j.biocon.2005.12.032
http://dx.doi.org/10.1146/annurev.es.05.110174.000245
http://dx.doi.org/10.4067/S0717-92002015000200015
http://dx.doi.org/10.2307/2387650
http://dx.doi.org/10.1111/j.1438-8677.2008.00179.x
http://dx.doi.org/10.1111/j.1438-8677.2008.00179.x
http://dx.doi.org/10.1016/j.pedobi.2014.01.002
http://dx.doi.org/10.1016/j.pedobi.2014.01.002
http://dx.doi.org/10.1007/s00572-006-0078-1
http://dx.doi.org/10.1007/s00572-006-0078-1
http://dx.doi.org/10.32604/phyton.2015.84.345
http://dx.doi.org/10.1111/mec.13363
http://dx.doi.org/10.1016/j.tree.2006.11.007


30. Johnson, N. C. (2010). Resource stoichiometry elucidates the structure and function of arbuscular mycorrhizas
across scales. New Phytologist, 185(3), 631–647. DOI 10.1111/j.1469-8137.2009.03110.x.

31. Bushby, R. R., Stromberger, M. E., Rodriguez, G., Gebhart, D. L., Paschke, M. W. (2013). Arbuscular mycorrhizal
fungal community differs between a coexisting native shrub and introduced annual grass.Mycorrhiza, 23(2), 129–
141. DOI 10.1007/s00572-012-0455-x.

32. Bunn, R. A., Ramsey, P. W., Lekberg, Y. (2015). Do native and invasive plants differ in their interactions with
arbuscular mycorrhizal fungi? A meta-analysis. Journal of Ecology, 103(6), 1547–1556. DOI 10.1111/1365-
2745.12456.

33. Castillo-Argüero, S., Martínez-Orea, Y., Meave, J. A., Hernández-Apolinar, M., Núñez-Castillo, O. et al. (2009).
Flora: Susceptibilidad de la comunidad a la invasión de malezas nativas y exóticas. In: Lot, A., Cano-Santana, Z.,
(eds.), Biodiversidad del ecosistema del Pedregal de San Ángel, pp. 107–117. México: Universidad Nacional
Autónoma de México.

34. Grime, J. P., Mackey, J. M. L., Sillier, S. H., Read, D. J. (1987). Floristic diversity in a model system using
experimental microcosms. Nature, 328(6129), 420–422. DOI 10.1038/328420a0.

35. Ramos-Zapata, J., Campos, M. J., Parra-Tabla, V., Abdala-Roberts, L., Navarro, J. (2010). Genetic variation in the
response of the weed Ruellia nudiflora (Acanthaceae) associated to arbuscular mycorrhizal fungi. Mycorrhiza, 20
(4), 275–280. DOI 10.1007/s00572-009-0282-x.

36. García, E. (1998). Los climas del Valle de México. Chapingo, México: Colegio de Postgraduados.

37. Galeana-Pizaña, J. M., Romero, C. N., Díaz, O. A. B. (2009). Análisis dimensional de la cobertura vegetal-uso de
suelo en la cuenca del río Magdalena. Ciencia Forestal Mexicana, 34, 137–158.

38. Baltazar-Arenas, M. (2009). Actividad arilsulfatasa y azufre en suelo y tejido foliar en cuatro especies de coníferas
en un bosque templado (BSc. Thesis). Universidad Nacional Autonoma de México, México.

39. Lillo, A., Ramírez, H., Reyes, F., Ojeda, N., Alvear, M. (2011). Actividad biológica del suelo de bosque templado
en un transecto altitudinal, Parque nacional Conguillío, Chile. Bosque (Valdivia), 32(1), 46–56. DOI 10.4067/
S0717-92002011000100006.

40. Moreno-Unda, A. A. (2008). Abundancia y riqueza de los hongos micorrizógenos arbusculares en la cuenca del
rio Magdalena (BSc. Thesis). Universidad Nacional Autónoma de México, México.

41. Gange, A. C., West, H. M. (1994). Interactions between arbuscular mycorrhizal fungi and foliar-feeding insects in
Plantago lanceolata L. New phytologist, 128(1), 79–87. DOI 10.1111/j.1469-8137.1994.tb03989.x.

42. Yousefi, A. A., Khavazi, K., Moezi, A. A., Rejali, F., Nadian, H. A. (2011). Phosphate solubilizing bacteria and
arbuscular mycorrhizal fungi impacts on inorganic phosphorus fractions and wheat growth. World Applied
Sciences Journal, 15, 1310–1318.

43. Anonymous (1977). Technicon publication methods No. 329-74W/B. Individual/simultaneous determinations of
nitrogen and/or phosphorus in BD acid digest, pp. 150. Nueva York: Technicon Industrial System.

44. Hunt, R. (1982). Plant growth curves. The functional approach to plant growth analysis, pp. 248. London: Edward
Arnold Ltd.

45. Koske, R. E., Gemma, J. N. (1989). A modified procedure for staining roots to detect VA mycorrhizas.
Mycological Research, 92(4), 486–488. DOI 10.1016/S0953-7562(89)80195-9.

46. McGonigle, T. P., Miller, M. H., Evans, D. F., Fairchild, G. L., Swan, J. A. (1990). A new method which gives an
objective measure of colonization of roots by vesicular-arbuscular mycorrhizal fungi. New Phytologist, 115(3),
495–501. DOI 10.1111/j.1469-8137.1990.tb00476.x.

47. Plenchette, C., Fortin, J. A., Furlan, V. (1983). Growth response of several plant species to mycorrhizae in a soil of
moderate P fertility. I. Mycorrhizal dependency under field conditions. Plant and Soil, 70, 199–209.

48. Pinheiro, J. C., Bates, D., DebRoy, S., Sarkar, D. (2016). nlme: Linear and nonlinear mixed effects models. R
Package Version, 3(4), 109.

49. R Core Team (2016). R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. http://www.R-project.org/.

618 Phyton, 2021, vol.90, no.2

http://dx.doi.org/10.1111/j.1469-8137.2009.03110.x
http://dx.doi.org/10.1007/s00572-012-0455-x
http://dx.doi.org/10.1111/1365-2745.12456
http://dx.doi.org/10.1111/1365-2745.12456
http://dx.doi.org/10.1038/328420a0
http://dx.doi.org/10.1007/s00572-009-0282-x
http://dx.doi.org/10.4067/S0717-92002011000100006
http://dx.doi.org/10.4067/S0717-92002011000100006
http://dx.doi.org/10.1111/j.1469-8137.1994.tb03989.x
http://dx.doi.org/10.1016/S0953-7562(89)80195-9
http://dx.doi.org/10.1111/j.1469-8137.1990.tb00476.x
http://www.R-project.org/


50. McCullagh, P. (2018). Tensor methods in statistics: Monographs on statistics and applied probability, pp. 277.
New York: Chapman and Hall/CRC.

51. Montgomery, D. C., Mastrangelo, C. M. (1991). Some statistical process control methods for autocorrelated data.
Journal of Quality Technology, 23(3), 179–193. DOI 10.1080/00224065.1991.11979321.

52. Miransari, M. (2010). Contribution of arbuscular mycorrhizal symbiosis to plant growth under different types of
soil stress. Plant Biology, 12, 563–569.

53. Smith, S. E., Smith, F. A. (2011). Roles of arbuscular mycorrhizas in plant nutrition and growth: New paradigms
from cellular to ecosystem scales. Annual Review of Plant Biology, 62(1), 227–250. DOI 10.1146/annurev-arplant-
042110-103846.

54. Lekberg, Y., Koide, T. (2005). Is plant performance limited by abundance of arbuscular mycorrhizal fungi? A
meta-analysis of studies published between 1988 and 2003. New Phytologist, 168(1), 189–204. DOI 10.1111/
j.1469-8137.2005.01490.x.

55. Schulze, E. D., Beck, K., Muller-Hohenstein (2005). Plant ecology. Germany: Springer.

56. Jakobsen, I., Rosendahl, L. (1990). Carbon flow into soil and external hyphae from roots of mycorrhizal cucumber
plants. New Phytologist, 115(1), 77–83. DOI 10.1111/j.1469-8137.1990.tb00924.x.

57. Chagnon, P. L., Bradley, R. L., Maherali, H., Klironomos, J. N. (2013). A trait-based framework to understand life
history of mycorrhizal Fungi. Trends in Plant Science, 18(9), 484–491. DOI 10.1016/j.tplants.2013.05.001.

58. Treseder, K. K. (2013). The extent of mycorrhizal colonization of roots and its influence on plant growth and
phosphorus content. Plant and Soil, 371(1–2), 1–13. DOI 10.1007/s11104-013-1681-5.

59. Janos, D. P. (1988). Mycorrhiza applications in tropical forestry: Are temperate-zone approaches appropriate?. In:
Ng, F. S. P., (eds.), Trees and mycorrhiza, pp. 133–188. Kuala Lumpur, Malaysia: Forest Research Institute.

60. Lett, C. N., DeWald, L. E., Horton, J. (2011). Mycorrhizae and soil phosphorus affect growth of Celastrus
orbiculatus. Biological Invasions, 13(10), 2339–2350. DOI 10.1007/s10530-011-0046-3.

61. Klironomos, J. N. (2002). Feedback with soil biota contributes to plant rarity and invasiveness in communities.
Nature, 417(6884), 67–70. DOI 10.1038/417067a.

62. Majewska, M. L., Rola, K., Zubek, S. (2017). The growth and phosphorus acquisition of invasive plants Rudbeckia
laciniata and Solidago gigantea are enhanced by arbuscular mycorrhizal fungi. Mycorrhiza, 27(2), 83–94. DOI
10.1007/s00572-016-0729-9.

Phyton, 2021, vol.90, no.2 619

http://dx.doi.org/10.1080/00224065.1991.11979321
http://dx.doi.org/10.1146/annurev-arplant-042110-103846
http://dx.doi.org/10.1146/annurev-arplant-042110-103846
http://dx.doi.org/10.1111/j.1469-8137.2005.01490.x
http://dx.doi.org/10.1111/j.1469-8137.2005.01490.x
http://dx.doi.org/10.1111/j.1469-8137.1990.tb00924.x
http://dx.doi.org/10.1016/j.tplants.2013.05.001
http://dx.doi.org/10.1007/s11104-013-1681-5
http://dx.doi.org/10.1007/s10530-011-0046-3
http://dx.doi.org/10.1038/417067a
http://dx.doi.org/10.1007/s00572-016-0729-9

	Interaction of Acaena elongata L. with Arbuscular Mycorrhizal Fungi under Phosphorus Limitation Conditions in a Temperate Forest ...
	Introduction
	Materials and Methods
	Data Analysis
	Results
	Discussion
	Conclusion
	flink7
	References


