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Resumen

En los altos Andes del Ecuador, aunque la agricultura extensiva y el sobrepastoreo tienen impactos negativos en el
suelo, atin se desconoce qué practica reduce mas su fertilidad. El crecimiento de quinoa (Chenopodium quinoa Willd.)
fue evaluado en suelos de bosques nativos (Bn), pastizales (Pa), plantaciones de Eucalyptus globulus Labill. (Eg) y Pinus
patula Schlecht. (Pp). Se aplic6é un bioensayo con un disefio de bloques al azar con controles, C; nitrato de amonio, N;
superfosfato triple, P; y N+P combinados. En suelos de Pp la mortalidad de quinoa fue del 100% en N, 88 % en C, 63 %
en N+P y 0% en P. El P fue el que mds incremento el crecimiento. La biomasa de quinoa alcanzé solo 0,1 g/pote, con
un contenido de P de 0,7 mg/pote. En los demads suelos, el N+P fue el que mds incremento el crecimiento. La biomasa
de quinoa (g/pote) promedi6 0,1 en C; 0,4 en N; 1,6 en P y 7,2 en N+P; el contenido de P (mg/pote) promedi6 0,9
en C; 0,6 en N; 12 en P y 38 en N+P. En todos los suelos, el PO, fue el elemento primordial deficitario; el K lo fue
seguramente en Pp, con toxicidad de Al. Este estudio sugiere que estos suelos no pueden soportar la produccién de
quinoa sin fertilizacién combinada esencialmente con P y K. Los suelos de Pp son los que més deficiencias presentaron
probablemente debido a una historia de uso méas prolongada después del pastoreo y al propio efecto del pino.

Palabras claves: potencial agricola, deficiencias de nutrientes, suelos volcanicos.
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Abstract

In the high Andes of Ecuador, although expanding agricultural practices and overgrazing have had negative impacts
on soil fertility, few investigations have been conducted to identify which practices are most likely to reduce fertility.
Quinoa (Chenopodium quinoa Willd.) was grown in soils from native forests, Nf; pastures, Pa; Eucalyptus globulus Labill.
plantations, Eg; and Pinus patula Schlecht. plantations, Pp. A bioassay study was conducted using a randomized block
design with control (C), ammonium nitrate (N), triple superphosphate (P), and combined N and P (N+P) fertilizer
treatments. On soils from Pp, quinoa mortality was 100% in N, 88% in C, 63% in N+P and 0% in P; P enhanced
growth the most; quinoa biomass attained only 0.1 g/pot and had a P content of 0.7 mg/pot. N+P enhanced quinoa
growth the most on soils from Nf, Pa and Eg. Here, quinoa biomass (g/pot) averaged 0.1 in C, 0.4in N, 1.6 in P and
7.2in N+P; P content (mg/pot) averaged 0.9 in C, 0.6 in N, 12 in P and 38 in N+P. In all soils, PO, was the principal
limiting factor. K deficiencies and Al toxicity probably occurred only in Pp soils. This study suggests that the studied
soils cannot support production of quinoa crops without additions of combined fertilizers containing P and K as the
principal elements. Pp have the least fertile soils, presumably resulting from a longer history of use after pasturing in
addition to the pine effect itself.

Keywords: agricultural potential, nutrient deficiency, volcanic soils.
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1 Introduction

Land-use patterns in the Neotropics in general, and
in the Andes in particular, are experiencing a shift
towards pasturing for cattle ranching, specifically
dairy cattle in the Andean highlands. This shift in
land-use patterns responds to changes in unbalan-
ced social structures, market conditions, access to
farmland and rural emigration (Jampel, 2016). In
Andean Ecuador, the situation is no different from
the rest of the region and the local rural economy is
largely based on a dairy cattle livelihood, whereas
most of the agriculture is dedicated to the produc-
tion of agro-alimentary goods for export according
to massive urban demands within or outside the
country (Bretén, 2008; Potthast et al., 2012). Cattle
ranching has developed at the expense of Andean
montane rainforests and perennially humid paramo
grasslands, above the tree line, through slash and
burn practices for conversion to pastures. Both ty-
pes of ecosystems have high biodiversity and pro-
duce several ecosystem services, such as water re-
tention and water regulation for the main cities of
Ecuador and rural populations (Harden et al., 2013).
Not only pastures, but also cultivated lands and
tree plantations cause increased streamflow variabi-
lity and significant reductions in catchment regula-
tion capacity and water yield (Ochoa-Tocachi et al.,
2016).

In the Andean highlands of southern Ecuador,
steep slopes, high precipitation regimes, water ero-
sion and the lack of proper soil management (which
depends exclusively on externalities rather than
using and increasing the supply of locally produ-
ced and renewable soil fertility resources such as
manure, cover crops, compost and optimizing nu-
trient use efficiency throughout the farm, according
to Fonte et al. (2012), pasture soils experience pro-
gressive degradation linked to soil N and P deple-
tion; after soil degradation pasture lands are ulti-
mately abandoned. On these abandoned pastures,
or on natural paramo grasslands, Pinus patula Sch-
lecht. is used in monospecific plantations at a wi-
de range of elevations up to 3.400 m.a.s.l. Eucaly-
ptus globulus Labill. is also used in plantations, but
at lower elevation ranges (maximum upper limit of
aprox. 2.800 m.a.s.1.). These two exotic tree species
are largely preferred in local forestry plantations
because of their fast growth and timber produc-
tion. However, these plantations, through the effect
of their litter, can also cause a decrease in soil pH
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and soil cation concentrations (Chacén et al., 2009;
Farley et al., 2012; Harden et al., 2013).

Within this scenario of land-use patterns in the
highlands of Southern Ecuador, a growth response
experiment was conducted on soils from pastures,
P. patula and E. globulus plantations, compared to
soils of native Andean forests, using quinoa, Cheno-
podium quinoa Willd., as a test crop species, and with
fertilization treatments with three fertilizers (N alo-
ne, P alone, and a combination of N + P). In Ecua-
dor, quinoa was already used in pre-Inca times, alt-
hough its cultivation declined in the Andes follo-
wing the Spanish conquest (circa 1539 AD). Quinoa
has been largely replaced by corn as an important
staple-crop, but as opposed to corn it is adapted to
acid soil conditions generally found in Andean re-
gions (Risi and Galwey, 1989; James, 2009). The spe-
cific objectives of this study were:

1. to identify which land-use types (pastures,
two tree plantations and native forests) are
most likely to reduce soil fertility;

2. to examine which soils from the four land-use
types produce the lowest growth of quinoa;
and,

3. which soil nutrients are most affected by the
four land-use types.

2 Materials and methods

2.1 Soil sampling and experimental design

Soils of each land-use types were sampled at four
separate locations within a wide area of southern
Ecuador (Chacoén et al., 2015). The four land-use ty-
pes were second growth native forests (Nf), pas-
tures (Pa), P. patula plantations (Pp), and E. globu-
Ius plantations (Eg) (Figure 1). These land-use types
were located in areas of similar elevation, at appro-
ximately 3.000 m a.s.L. (Figure 1), and similar annual
precipitation regimes (between 1050 and 1700 mm
in regions 1 and 2, and between 660 and 1100 mm
in regions 3 and 4) (Figure 1). Following a north-
south direction, soils change from Histic Andosols
in regions 1 and 2, to Dystric Histosols in regions 3
and 4, according to annual rainfall, the influence of
volcanic ash or to a lower soil Al and Fe content res-
pectively (Buytaert ef al., 2006; Celleri et al., 2007); in
either case, these soils developed on pyroclastic ma-
terials, lack allophane, have high C and organic
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Figure 1. Map of the Paute watershed showing locations of the 4 regidrese soils of 4 land-use types were collected. The
guinoa experiment was conducted at Mazan.

matter content and low bulk density, and are gene-
rally classified as Group 4-Andosols (IUSS Working
Group WRB, 2015). In each of the land use types,
a 20mx 20m plot was established. Within each of
the plots, 0.05m? of soil was collected from the first
20 cm of surface soil. Soil samples were transported
to a common garden in the Mazan region (Figure 1).

Soil samples were sieved through a 1 cm mesh to
remove large non-soil parts. Plastic pots were filled
with 4L of soil. A portion of soil per pot was taken
to the laboratory for chemical analyses. A nested
randomized block design was established so that
each of the four regions corresponded to each of
four blocks (Chacén ef al., 2015). Within each of the
blocks, each of the four land-use types of soils we-
re divided in four sub-units (four pots) and subjec-
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The map is repedduiom Chacoért al. (2015).

ted to four treatments (control, N, P, and N+P ferti-
lizers). This design produced 16 randomly distribu-
ted combinations of four treatments per block (four
blocks = replicates), giving 64 experimental units.
Subsequently, six quinoa seeds were planted in each
of the pots, and only two germinated seedlings we-
re left to grow. Fertilizer treatments were made on-
ce a week during 98 days. N-fertilized soils received
weekly additions of 175mg N as ammonium nitra-
te (NH4NO3). P-fertilized soils received weekly ad-
ditions of 110mg P and 65 mg Ca as triple superp-
hosphate [Ca(H2PO4)2H>0]. NP-fertilized soils re-
ceived weekly 87.5mg N, 55mg P and 32.5mg Ca
(half of ammonium nitrate and triple superphosp-
hate combined fertilizers) (Chacén et al., 2015).

16-28. 19
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(n=4) Native forest Pasture Eucalyptus plantation Pinatptéon
pH 52 (9) ab 56 (3) a 556 (6) a 49 (3) b
% SOM 399 (68 a 301 (47) a 297 (66) a 36.6 (18) a
NO; (mg/kg) 39 (86) a 50 (59) a 30 (50) a 6.6 (47) a
NH; (mg/kg) 423 (74) ab 198 (33) b 256 (42) ab 46.1 (16) a
PG, (mg/kg) 89 (58) a 6.7 (128) a 33 (2 a 63 (51) a
ECEC(cmolkkg) 19.1 (78) a 86 (29) a 79 (@17) a 71 (16) a
K (cmol/kg) 0.8 (118) a 03 (17) a 0.5 (65) a 0.2 (20) a
Ca(cmol/kg) 121 (124) a 6.0 (43) ab 42 (47) ab 09 (5 b
Mg (cmol/kg) 16 (86) a 09 (31) ab 1.0 4y a 02 (26) b
Al (cmol/kg) 40 (151) ab 1.0 (53) b 1.9 (61) ab 53 (24) a
Fe (cmol/kg) 0.063 (180) a 0.002 (89 b 0.004 (122) b 0.054 (73) a

Table 1.Comparison of soil properties before bioassay with quioparentheses: CV in%. Different letters represent sicguifi

differences at R 0.05. Table is reproduced from Chacéiral. (2015).

2.2 Laboratory and data analyses

The two quinoa plants per pot were harvested and
washed, taken to the laboratory and oven dried at
50°C for 72 hours. Plants were weighed for dry bio-
mass. Analyses of total N, P, K, Ca and Mg in plant
tissues followed an acid-hydrogen peroxide diges-
tion procedure (Allen, 1989). For the soil samples,
NH; -N and NO3;-N were extracted with KCI 2M
and analyzed according to Maynard and Kalra et al.,
(1993). Exchangeable cations were extracted with
BaCl; 0.1M and analyzed according to Hendershot
et al., (1993). The effective cation exchange capa-
city was calculated by adding all cations. PO, -P
was extracted by the method of Bray II and analy-
zed according to McKeague (1978). The percent soil
organic matter was estimated by loss on ignition
(Grimshaw, 1989). Soil pH was determined with a
glass electrode from a 1:2 soil:water solution.

A nested ANOVA and a Tukey means compari-
son test were used for all variables after normality
of data was confirmed. All statistical analyses were
done using SAS (SAS Institute, 2008).
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3 Results and discussion

3.1 Comparison of soil properties

In the initial soil samples from the four land-use ty-
pes across four regions, statistically significant dif-
ferences were found for the soil variables that are
linked to the pH. The Al concentration in pine soils
places Al in these soils at the toxic levels (>60 %) re-
ported by Cochrane T. T. y P. A. Sanchez (1982), whi-
le Ca can be seen as deficient compared to the other
soils (Tables 1 and 2). This pattern is associated with
differences in pH, and the general low base status of
pine soils in the Ecuadorian Andes and under Pinus
patula plantations in the same region as this study
(Farley and Kelly, 2004; Chacoén et al., 2009). Howe-
ver, this pattern is different in the other soils. Ge-
nerally, the lower pH values and higher ECEC and
cation concentrations found in native forest soils are
not consistent with the higher pH values and lower
ECEC and cation concentrations found in pasture
and eucalyptus soils. The effect of soil organic mat-
ter, through its humic and fulvic acids, and the ef-
fect of a higher Al and Fe content in native forest
soils may have decreased soil pH, although the hig-
her base status of these soils probably offers a truer
assessment of their fertility (Table 2).
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Table 2. Comparison of final soil properties after conclusion of B&sys with quinoa (this study) and corn (Chaebal., 2015).
Soils from both bioassays were analyzed separately butio@ahifor this table because values and statistical signifeavere
nearly identical (n = 8).

Native forest Pasture Eucalyptus plantation Pine plamati
C 51 (11) bc a 55 (©) a a 5.4 (B6) ab ab 45 (3) ¢ ab
pH N 47 (13) ab a 4.8 (8) a b 4.8 (6) a ¢ 43 () b
P 51 (12) ab a 5.6 (©) a a 55 (5) a a 47 3) b a
NP 48 (11) ab a 5.1 (6) a b 5.1 8) a bc 45 (8) b ab
C 391 (67) a 298 43) a a 303 (64 a a 384 (20) a
% SOM N 39.5 (66) a 304 @44 a a 302 (64 a a 386 (22) a
P 379 (64) a 306 @45 a a 304 (23) a a 384 (23) a
NP 394 (63) a 299 @44) a a 304 (62) a a 386 (22) a
C 229 (65) ab ¢ 143 (92) b c 254 (109) ab ¢ 388 (42) a bc
NOsN 3549 (65) a a 3108 (48 a a 2757 (62) a a 2879 (58 a a
mg/kg P 10.1  (98) c 38 (66) b c 36 (82 b d 219 (39) a ¢
NP 1149 (101) b 1168 (©4) a b 811 (95 a b 803 (70) a b
C 252 (84) ab b 122 (52) b bc 122 (63) b bc 331 (38 a c
NHsN 3250 (78) a 1948 (B89 a a 1899 (63) a a 3267 (36) a a
mg/kg P 312 (88 a b 110 (@7) bc c 98 (B3) c c 23.1 (50) ab ¢
NP 1141 (143) ab b 339 (©@1) b b 306 (68) b b 1348 (36) a b
C 94 (68) a b 72 (127) ab b 31 (9%5) b b 74 (58) ab b
PN 11.2 (82) a b 74 (124) a b 37 (106) a b 6.8 (44) b
mg/kgP 2639 (98) a a 106.1 (115) a a 1158 (97) a a 128 (51) a a
NP 1278 (83) a a 382 (@1 b a 39.7 (109) b a 70.3 (38) ab a
C 299 (©7) a a 129 (128) a a 135 (150) a a 68 (23) a a
ECECN 176 (74) a a 124 (115 a a 73 (21) a a 66 (21) a a
cmol/kg P 301 (95) a a 183 (101) ab a 11.7 (95) ab a 79 (18) b a
NP 269 (99) a a 11.7 (104) ab a 11.2 (113) ab a 7 (22 b a
C 04 (67) a a 03 (20) ab a 05 (72) a a 02 (@17 b a
KN 04 (38 a a 03 (23) ab a 04 (67) a a 02 (21) b a
cmol/kg P 04 (49 a a 02 (17) b ab 04 (73) a a 02 (46) b a
NP 03 (40) a a 02 (18 a b 03 (713) a a 02 @47 a a
C 240 (128) a a 107 (154) a a 103 (194) a a 08 (5 b bc
CaN 124 (114) a a 99 (146) a a 39 (44) a a 08 (40) b
cmol/kg P 253 (118) a a 162 (1150 a a 86 (130) a a 25 (37) b a
NP 218 (128) a a 94 (133) a a 81 (159) a a 13 (33) b ab
C 37 (50) b a 09 (1) b a 1.7 (70) b a 53 (25 a a
AIN 33 (139) b a 1.3 (59 b a 1.8 (B4) b a 5 (30) a a
cmol/kg P 27 (144) b a 08 (5 b a 16 (70) b a 47 (28) a a
NP 32 (138) b a 11 (50) b a 19 (66) b a 5 (B0) a a

SOM = Soil Organic Matter. ECEC = Effective Cation Exchangg@city.

C =Control. N = Ammonium-nitrate fertilizer.

P = Triple super phosphate fertilizer. NP =Combined N-Hlieers.

Numbers in parentheses are CV (%). Different bold lettgpsasent significant differences between land use typeg(dally) at P< 0.05. Different italic letters
represent significant differences between treatmenttiqatly) at P <0.01.
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Nutrient depletion at a critical level was found
for high elevation volcanic soils in northern Ecua-
dor; a minimum soil PO, level of 12ppm is ge-
nerally required for adequate growth of agricultu-
ral products (Espinosa, 1992). Except for soils in
the P and NP-fertilizer treatments, all soils fall be-
low these levels, with native forest soils having a
higher PO, content, and pasture and eucalyptus
soils having a lower PO, content in the C- and NP-
treatments. Thus, the soils used in the experiments
reported here can all be considered as PO, defi-
cient. Evidence suggests that PO, levels decrease
when PO, is fixed by reactions with Fe and Al in
acid soils (Smethurst, 2010). Pine soil PO, content
was no different from the other soils in spite of a lo-
wer pH. PO, availability in pine soils may be also
related to mycorrhizal activity, which can enhance
the weathering rates of PO, from the bound PO,
pools (Allen, 1991).

The lack of statistical differences, especially in
the N-treatment, implies that all soils responded si-
milarly to N additions (Table 2), and that the dif-
ferences in initial NH;-N and NO3-N values are
less important in determining specific differences
among the four land-use type soils. The only clear
pattern, probably very variable in time, is that pine
and native forest soils tend to have higher amounts
of NH; -N and NOj3 -N than pasture and eucalyptus
soils. This trend is clearer if we add together NHj; -
N and NO3-N values. Increased availability of N
and PO, has been reported in other coniferous fo-
rests, although N deficiencies can appear in second
or more rotations (Crous ef al., 2011). In initial soil
samples NH; -N was the dominant form in all soils.
However, after the bioassay, NO3-N was conside-
rably increased and NHj -N decreased, suggesting
that nitrification had occurred, perhaps caused by
some form of incubation process in the bioassay
pots. N mineralization experiments with volcanic
soils in Costa Rica (Montagnini and Sancho, 1994)
also revealed enhanced nitrification in incubations.

In normal conditions, nitrification in our soils
should be limited by the acidic pH found more ge-
nerally in pine soils. Further evidence is the predo-
minance of NH; -N over NO3-N in pine soils in the
N- and NP-treatments, whereas NH; -N and NOj3 -
N values were equivalent in native forest soils, and
NO;3-N had become predominant in pasture and
eucalyptus soils. This highlights the potential for N
mineralization in native forest soils, and the role of
higher pH values in pasture and eucalyptus soils, as
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well as the problem of lower pH in pine soils. Ho-
wever, N mineralization during the bioassay in this
study was not significant because the sum of NH; -
N and NOj3 -N was similar to the sum of initial soil
values. Therefore, in natural conditions, we confir-
med the patternsvseen elsewhere showing that ni-
trification is inhibited by acidic soil conditions and
by the amount of available NH, -N, which is the
principal control for nitrification in most humid tro-
pical ecosystems (Vitousek et al., 2010).

Generally, N concentrations (and PO, concen-
trations) in our sample soils was limited because
soil productivity was generally decreased. The low
PO, availability might be limiting N mineralization
from organic matter (Munevar and Wollum, 1977).
Percent SOM was high, statistically comparable in
the samples, and unaffected by any of the treat-
ments. In montane tropical soils the decay of humus
in the mineral soil is slow (Jenny, 1950) because of
low temperatures, low pH, water-logging and lit-
ter quality, which results in high SOM accumulation
(Oades et al., 1989). Nevertheless, changes of a few
percent in soil organic matter can have important
effects on the soil nutrient status and on plant nu-
trition, which was shown in Andisols from the lo-
wer montane rain forest zone in southern Ecuador
(Davidson et al., 1999). In this study, SOM in native
forest and pine soils averaged 39.9 % and 36.6 % res-
pectively as opposed to 29.9 % found in pasture and
eucalyptus soils. The humus-rich (high SOM) Andi-
sols contain high amounts of humic acid (Nanzyo
et al., 1993). This may explain the low pH found
in native forest and pine soils compared to pastu-
re and eucalyptus soils. Under cultivation, carbon
and organic matter is lost (Ewel et al., 1991) which
may explain the loss of SOM in pasture and eucaly-
ptus soils, since it is very likely that cultivation had
been the previous land use of these soils (Chacén
et al., 2009). However, in pine soils SOM may ha-
ve accumulated because of low decomposition rates
due to the litter’s high lignin content (Taylor et al.,
1989). Comparing native forest and pine soils, ferti-
lity may be largely dependent upon the quality and
not the quantity of SOM, which would cause dif-
ferent mineralization rates due to different types of
litter inputs to the forest floor. Except for Ca, Al, pH
and the limitations of N and P, the other soil pro-
perties measured in this study tend to reflect the
characteristics of volcanic ash derived soils rather
than the effects of the current vegetation as shown
elsewhere (Chacon et al., 2015).
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Table 3. Percent mortality of quinoa after bioassay on soils fronr fand-use types and under four fertilizer treatments.

C

Native forest 0

Pasture 0

Eucalyptus globulus 0

Pinus patula 87.5

Total

28.1

N P NP Total
50 O 0 18.8
0 0 25 6.3
0 0 0 0
100 0 625 625
375 0 219

C = control,

N = ammonium-nitrate fertilizer,
P = triple super phosphate fertilizer,
NP = combined N-P fertilizers, n = 8 (4 blocks x 2 plants / pot).

3.2 Fertilizer treatment effects on soil pro-
perties

The effects of N additions are reflected in the pat-
tern seen for soil pH. Whether in the N- or combi-
ned NP-treatments, pH values were always signifi-
cantly lower in all soils except in native forest soils.
We interpret this as the result of H+ released during
nitrification of NH; -N from the ammonium nitrate
fertilizer (Table 2). All N-fertilizers are largely con-
verted to NOj thus acidifying the soil (Wild, 1989;
Oskarsson et al., 2006). In the P-treatment, NHI—N
content was always higher than NO3, suggesting
that PO, increased N mineralization from organic
matter, but the amounts of P added were too low to
produce significant differences (Table 2). In volcanic
soils from Colombia, sampled from similar eleva-
tions as in this study, additions of large quantities of
Ca(H2POg)2.H20 increased N mineralization rates
by enhancing the use of soil carbon by microorga-
nisms (Munevar and Wollum, 1977). Ammonium,
ammonium nitrate, urea (Finck, 1982) and poultry
manure have been considered as acidifying ferti-
lizers. We can conclude that fertilizer applications
in the studied soils should include PO, and Ca as
well, in order to increase pH and to enhance SOM
mineralization.

Findings suggest that these soils depend mo-
re upon inorganic fertilization rather than natural
P mineralization. In fact, fertilizer experiments in
soils taken from the highlands of northern Ecuador
(Espinosa, 1992) have also found PO, increments
and enhanced yields of agricultural crops. In Cos-
ta Rica, inorganic P fertilization increased the mine-
ralization of organic P as opposed to the reduction
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of the P pools through organic additions (Paniagua
et al., 1995). There was a pattern of increased pH
in soils that received P additions, more visible in
eucalyptus and pine soils than in native forest and
pasture soils. Soil pH in the P-treatment was always
higher than in the control treatment, but was lower
than the pH measured in initial soils samples (Ta-
bles 1 and 2). This is most likely the effect of the
amounts of Ca present in the triple-superphosphate
utilized as P-fertilizer rather than PO, alone. The
use of lime can alleviate Al toxic levels by neutra-
lizing soil acidity in volcanic ash soils (Shoji et al.,
1993). In Costa Rican acid soils, CaSO4 and CaCO3
reduced Al toxicity; the latter also raised pH values,
although neither fertilizer had significant effects on
K and Mg (Lépez and Gonzilez, 1987). The addi-
tions of Ca in this study had no significant effects
on the soil concentrations of other cations sugges-
ting that the level of Ca added was low, although
sufficient to raise soil pH and to lower Al content in
pine soils.

3.3 Quinoa growth, biomass and the effects
of fertilizer treatment

The overall quinoa mortality was generally distri-
buted as N (38 %) >C (28 %) >NP (22 %) >P (0%) (Ta-
ble 3). Quinoa 100 % survival occurred only in eu-
calyptus soils and in the P-treatment across the four
land-use types. In a few cases, only one of two qui-
noa seedlings survived per pot. Only one seedling
survived in pine soils under control and N-P treat-
ments in only one block. In the other soils and treat-
ments where mortality was present, the two plants
per pot died (Table 3). The negative effect of
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Table 4. Quinoa biomass and quinoa nutrient content after bioassawits from four land-use types and under four fertilizeatments (n = 4, unless specified left of eac}L
mean).
Native Forest Pasture Eucalyptus globulus Pinus patula
C n=3 0.2 (99) a a 0.02 (34) ab b 003 (87) ab b n=1 0.01 — b a
Total g/pot N n=2 12 (133) a a 002 (40 b b 005 (77) ab b — —_ - —
P 1.7 (112) ab a 1.6 (81 ab a 1.7 (38 a a 01 (62) b a
NP 77 (107) a a n=3 54 (90) a a 84 (107) a a n=2 01 (90 a a
C n=3 4 (103) a a 0.4 (31) a b 08 (1099 a ¢ n=1 0.3 — a a
Total N mg/pot N n=2 483 (132) a a 0.7 47 a b 19 (81 a c — —_ - —
P 266 (110) a a 22 (77) a a 268 (45 a b 32 (65 a a
NP 2523 (90) a a n=3 193 (76) a a 255 (83 a a n=2 39 (113) a a
C n=3 0.2 (112) a a 0.02 (25 b b 003 (84) ab b n=1 0.03 — ab a
Total P mg/pot N n=2 18 (134) a a 003 (78 a b 006 (101) a b — —_ - —
P 172 (123) a a 8.3 (82) ab a 103 (47) ab a 07 (68) b a
NP 378 (115 a a n=3 247 (106) a a 30 (94 a a n=2 05 (108) a a
C n=3 7.7 (116) a a 0.6 (28) ab b 13 (111) ab b n=1 0.1 — b a
Total K mg/pot N n=2 857 (136) a a 0.7 86) b b 14 (75 ab b — —_ - —
P 89.2 (125 a a 643 (87) ab a 836 (70) a a 1.3 (6) b a
NP 1655 (102) a a n=3 1222 (76) a a 358 (109) a a n=2 14 (125) a a
C n=3 27 (1100 a a 0.4 (41) ab b 05 (83 ab b n=1 003 — b a
Total Ca mg/pot N n=2 256 (132) a a 06 (107) a b 1 94) a b — —_ - —
P 257 (101) a a 281 (77) a a 285 (36) a a 16 (B9 b a
NP 1212 (96) a a n=3 1184 (71) a a 995 (94) a a n=2 1 94) a a
C n=3 34 (140) a a 0.2 (45) ab b 05 (106) ab b n=1 002 — b a
Total Mg mg/pot N n=2 311 (138) a a 0.3 (73) a b 08 (83 a a — —_ - —
P 229 (122) a a 178 (91) ab a 249 (62) a a 08 (66) b a
NP 1151 (115 a a n=3 755 (102) a a 865 (101) a a n=2 06 (112) a a
Total = stem + leaf + root.
Biomass data are the sum of the actual plant production ih efihe pots.
C = control,
N = ammonium-nitrate fertilizer,
P = triple super phosphate fertilizer,
NP = combined N-P fertilizers.
Numbers in parentheses are CV (%). Different bold lettgpsagent significant differences between land-use type#z(nally) at P< 0.05. Different italic letters represent significant difaces between treatments
(vertically) at P <0.01.
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Quinoa biomass production capacity and soil nutrient deficies in pastures, tree plantations and
native forests in the Andean Highlands of Southern Ecuador

Pinus patula plantations soils is clearly shown by
quinoa mortality in all treatments (control inclu-
ded), except in the P-treatment. Quinoa died in the
control (25%) and N (50 %) treatments of native fo-
rest soils, suggesting an effect of lower soil pH,
which was reduced with Ca additions in the P and
NP-treatments (Table 3). In pasture soils, quinoa
mortality was 25% in the NP-treatment, although
there was no mortality in the N- or other treatments,
and might be explained by the accidental loss of one
plant (grasshopper damage) rather than a soil pro-
blem (Table 3). Quinoa mortality was significantly
decreased by P additions, P more than NP perhaps
because of an acidifying effect of the N fertilizer ac-
cording to Oskarsson et al., (2006). Mortality was
increased by N additions in pine soils to the point
where all quinoa plants died in the N-treatment and
none in the P-treatment with respect to control soils,
suggesting a stronger P limitation and perhaps a
lower pH, K and Ca as principal factors contro-
lling mortality in pine soils. This also suggests that
quinoa is more sensitive to soil nutrient deficien-
cies than corn (Chacon et al., 2015) (Table 4). This
mortality, as well as the higher coefficients of va-
riation for native forest soil nutrients have reduced
the number of statistically significant differences in
quinoa biomass production, and nutrient contents,
among the four land-use type soils. Generally, qui-
noa growth responded to P and NP-fertilizers in
soils excluding those from the pine plantations (Ta-
bles 2, 3 and 4). There was no response in the N-
treatment and growth was very similar to the one
found in control soils. The combined effect of N and
P significantly increased corn and quinoa biomas-
ses. Thus, N and P are limiting in these soils, but P
is the primary limiting factor. The same is true for
nutrient contents (Table 4).

The very low biomasses produced by all control
soils indicate a loss of agricultural potential through
the reduction of soil fertility, which has lead to fer-
tilization dependency to sustain crop production.
For example, experiments with potatoes on Ecua-
dorian Andisols required P applications every cy-
cle to obtain adequate yields (Espinosa, 1992). Qui-
noa growth started to be consistently poorer in pine
soils just as growth began to respond to fertilization
in the other soils. This suggests that pine soils are
further limited by soil factors other than N or P li-
mitation alone.

It is not proven that N and P supply was li-
mited in pine soils because of the generally hig-
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her amounts of N and P present in these soils
when compared to pasture and eucalyptus soils.
The trends seen for increased quinoa biomass and
nutrient contents were too small to be statistically
significant. Specifically, the contents of P, K, Ca and
Mg increased with P additions as opposed to N ad-
ditions. One hypothesis is that P concentrations re-
gulate Ca and Mg uptake by controlling the efflux
pump in crops (Blevins, 1994). At low P concentra-
tions, effluxes of Mg and Ca were reported from
roots in wheat and tall fescue crops (Reinbott and
Blevins, 1991). In pine soils, the effect of Ca in the
P-fertilizer treatment was to reduce soil acidity, and
perhaps Al toxicity, and is likely to have improved
quinoa growth, although we cannot separate it from
the direct effect of P. However, pine soil deficiencies,
especially K and Ca, were not eliminated to attain
better growth. We can observe large increases of K
content in quinoa, with the P- and NP-treatments in
pasture and eucalyptus soils (Table 4).

As for soil properties, the differences in quinoa
biomass production and nutrient content are better
observed between the group of native forest, pas-
ture and eucalyptus soils and of pine soils alone,
which always produced lower biomasses and nu-
trient contents, and an thus be considered to have
lower productivity and fertility than all the other
soils. Eucalyptus soils produced higher quinoa bio-
mass in the P-treatment, suggesting a further P li-
mitation for this species in these soils as opposed,
for example, to corn (Chacén et al., 2015). Quinoa K,
Ca and Mg contents, similar in native forest, pastu-
re and eucalyptus soils, were generally higher than
the one produced on pine soils in the P-treatment,
suggesting that K, Ca and Mg supply to quinoa
was equivalent in all soils except for pine soils, and
highlights the lower K, Ca and Mg contents in pine
soils. Because quinoa had 100 % mortality in the N-
treatment on pine soils, quinoa biomass, N, Ca and
K contents after growth on pasture soils were sig-
nificantly lower than in native forest soils, evidence
that may indicate that N is more limiting in pasture
soils than in the other soils.

Apart from the identified nutrient limitations to
growth such as P for all soils (except perhaps pi-
ne soils), N specifically in pasture soils, and K and
Ca coupled with a lower pH in pine soils, the mag-
nitude of growth responses to nutrient enrichment,
especially among native forest, pasture and eucaly-
ptus soils is linked to the fact that all land-use ty-
pes were subjected to past impacts that have lowe-
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red soil fertility (Chacon et al., 2009), and to the dif-
ferent nutrient requirements of quinoa. The assess-
ment of specific nutrient limitations to plant growth
varies depending on the species selected. Quinoa
seemed more sensitive to nutrient limitations than
corn (Chacén et al., 2015), however, quinoa is repor-
ted to grow in the Andes from sea level to 3.800
m.a.s.l., in marginal areas with poor (Risi and Gal-
wey, 1989), acid soils (pH = 4.5 in Cajamarca, Peru),
both sandy or clayey soils (Mujica, A, 1994), where
N influences the growth of quinoa. Evidence from
this study suggests that despite the fact that qui-
noa can adapt to severe climatic conditions, soils of
southern Andean Ecuador are currently not able to
support the production of this crop without addi-
tions of combined fertilizers containing P, N, K and
Ca as the principal elements. Corn remains an easier
crop to grow (Chacoén et al., 2015), in terms of soil re-
quirements, and this may largely explain why it has
replaced quinoa as a major Andean crop, as historic
land-use effects have generally reduced soil fertility.
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