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Abstract

Nitrogen (N) limits net primary productivity in most terrestrial ecosystems globally, but
phosphorus (P) is more limiting in many lowland tropical forests such as those in Amazonia.
However, tropical montane soils such as those of the Andes may be less P limited than the
lowlands. Here we report results from a large-scale fertilization experiment (N, N+P, P) along a
3000 m elevation transect in the Peruvian Andes and adjacent lowland Amazonia. Our objectives
were to present ecosystem—nutrients data for a region that is underrepresented in global
ecosystem—nutrients analyses, to determine if N and/or P limit the productivity of these Andean
and Amazonian forests and to identify if there is an elevation gradient in nutrient limitation. We
measured leaf and soil nutrients, leaf area index (LAI), diameter at breast height (DBH) and soil
respiration partitioning between microbes, roots, mycorrhizae and litter. Leaf N:P decreased with
increasing elevation, crossing 15 at mid-elevation (between 1000—1500 m), suggesting increased
P limitation and decreased N limitation with increasing elevation. DBH and tree height decreased
with increasing elevation, but LAI did not vary with elevation or fertilization. The DBH response
to P fertilization increased with elevation and vice versa for N fertilization. Root respiration
decreased (and mycorrhizal respiration increased) with the DBH increases due potentially to a
shift in carbon allocation from roots to wood rather than an overall growth increase to nutrient
amendment. This study provides the first large-scale study of nutrient dynamics, limitation and

response to fertilization in rain and cloud forests in the Peruvian Andes and Amazon.

Key words: fertilization, montane, nitrogen; phosphorus.
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Introduction

Nitrogen (N) limits net primary productivity in most terrestrial ecosystems globally (Vitousek &
Howarth 1991), but phosphorus (P) tends to be more limiting than N in lowland Amazonia
(Aragao et al. 2009; Quesada et al. 2009a; Quesada et al. 2009b; Vitousek 1984; Vitousek &
Sanford 1986). P limitation in Amazonia results from leaching of highly weathered soils, as well
as chemical processes that immobilize P within the soils, whereas N limitation is relatively lower
due to high rates of plant turnover and decomposition.

The adjacent tropical montane forests in the Andes, however, may experience less P
limitation than the Amazon. Andean soils are generally younger, and thus less weathered, than
lowland Amazonian soils (Garzione et al. 2008). Conversely, because Andean ecosystems are
relatively young, they may be N limited because N needs to accumulate in an ecosystem over
time. Furthermore, these montane ecosystems turnover frequently from landslides and erosion
(Blodgett & Isacks 2007; Bussmann et al. 2008; Lozano et al. 2005; Wilcke et al. 2003) and
have slower decomposition and mineralization rates due to lower temperatures (Kirschbaum
1995; Salinas et al. 2011). These patterns are presumed to follow the prevailing hypothesis for
tropical montane ecosystems: moving up-slope decreases P limitation but increases N limitation,
and vice versa down-slope; mid-elevation forests may be co-limited by both nutrients (Aerts &
Chapin T 2000; Davidson & Howarth 2007; Giisewell 2004; Tanner et al. 1998; Vitousek 1984;
Vitousek & Farrington 1997).

Nonetheless, N limitation in the Andes might be mitigated by two processes: 1)
atmospheric N deposition from Amazonian biomass burning (Aragio et al. 2008; Aragdo et al.
2007; Boy et al. 2008; Fabian et al. 2005); and, 2) increased decomposition and nutrient

mineralization rates from rising temperatures with climate change (Malhi & Wright 2004; Pastor

Draft Fo3r Review



O©oOoONOOPAWN =

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

Journal of Tropical Ecology

& Post 1988; Peterjohn et al. 1994; Vuille & Bradley 2000). Therefore, it may well be that
Andean forests are neither P nor N limited if, in fact, both nutrients are in abundant supply due to
new soils providing P, and atmospheric deposition and increased mineralization providing N.
Productivity could instead be primarily limited not by N or P, but by other environmental
variables such as temperature, light and/or moisture, or other nutrients (Chapin III et al. 1986).
However, we do not actually know if this is the case, as there have been no extensive
measurements linking productivity to nutrient limitation in the Andes until recently. Here we
present results from an investigation of nutrient limitation in the Peruvian Andes.

Our objectives were to determine if N and/or P limits the productivity of Andean forests,
and if there is an elevation gradient in N and/or P limitation. To assess the coupling between the
nutrients regime and ecosystem productivity, we conducted a large-scale factorial fertilization
experiment at four sites along a 3000 m elevation transect in the Peruvian Andes and adjacent
lowland Amazon (200 m, 1000 m, 1500 m, 3000 m). Our aim was to eliminate any N or P
limitation and observe the forest response. We expected to observe an elevation gradient in N
and P limitation following the prevailing hypothesis for nutrient limitation in tropical montane
ecosystems.

It is difficult to predict exactly how such “megadiverse” ecosystems as those in the Andes
might respond to fertilization. How a plant allocates nutrient resources depends on a variety of
interacting factors such as life strategy, species traits, competition, disturbance and other limiting
elements (Chapin III et al. 1986; Eckstein et al. 1999; Grime 1977). Additional nutrients could
alter any, all or none of the following physiological and ecosystem responses: leaf nutrient
content, leaf biomass, leaf area, leaf quantity, leaf and plant lifespan, retranslocation rates, wood

accumulation, tree height, photosynthetic and respiration rates, root biomass and productivity,
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mycorrhizal activity, soil respiration and abundance of insects and fauna (Aerts 1996; Auerbach
& Strong 1981; Brix 1971; Chapin III et al. 1990; Field & Mooney 1986; Johnson et al. 1994;
Johnson 1993; Meyer & Root 1996; Ryan & Yoder 1997; Shaver 1981; Wilson & Tilman 1993).
Limitation due to temperature, light and moisture could minimize the effects of nutrient addition,
even if the ecosystems are nutrient limited (Chapin III e al. 1986).

To address possible ecosystem responses to fertilization, we monitored not only the
nutrients themselves in the soils and leaves along the gradient, but we also measured key aspects
of major biomass changes in the leaves, wood and soil. Specifically, we measured: (i) canopy
response (i.e., leaf area index or LAI); (i1) woody accumulation or tree growth (i.e., increment
change in diameter at breast height or DBH); and, (iii) soil respiration partitioning between
microbes, roots, mycorrhizae and litter; due to financial limitations, we were unable to measure
litterfall rates and fine root growth. We asked how these ecosystem components changed with

fertilization and with elevation.
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Materials and Methods

Study Sites

We conducted a fertilization experiment adjacent to four long-term monitoring sites along the
eastern flank of the SE Peruvian Andes and adjacent Amazonian lowlands (Fig. 1). The long-
term monitoring sites were established in 2003 as 100 x 100 m plots located at elevations of 200
m (Tambopata), 1000 m (Tono), 1500 m (San Pedro) and 3000 m (Waygecha). The sites were
established to assess biodiversity patterns, elevation species range shifts and productivity in an
elevation gradient with minimal horizontal distance between sites (e.g., similar atmospheric
influences) and minimal vertical distance within sites for mature forests. The 1500 m and 3000 m
sites were situated in the Kosiiipata Valley (13°S, 70°W); they both represent cloud forests, with
the 1500 m site at the base of the clouds. The 1000 m site was situated just outside the valley in
the sub-montane transition zone between the Andean mountains and the Amazonian lowlands.
The 200 m site was located further down river from the other sites in lowland Amazonia.

Across all sites the mean annual temperature ranged from 12.5°C — 26.4°C, and mean
annual precipitation ranged from 1706 — 3087 mm, with peak precipitation near the base of the
mountain range (Table 1) (Girardin et al. 2010). Soils were alluvial terraces (200 m and 1000 m)
and Paleozoic shales/slates (1500 m and 3000 m). All sites had very acidic soils and there were
no significant differences in soil pH (~4.0) across sites or with fertilization treatment. The
dominant (number of stems) plant families in the fertilization experiment were: Myristicaceae
and Fabaceae (200 m); Rubiaceae, Fabaceae and Moraceae (1000 m); Lauraceae, Rubiaceae
and Melastomataceae (1500 m); and, Cunoniaceae and Clusiaceae (3000 m). A total of 637 trees
were included (351 fertilized, 286 control) in the experiment. 41% (73) of the 180 trees at the

200 m site were unique species; 42% (68) of the 165 trees at the 1000 m site were unique
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species; 53% (71) of the 135 trees at the 1500 m site were unique species; and, 25% (37) of the
157 trees at the 3000 m site were unique species.

The fertilization experiment was established in 2007, adjacent and down-slope of the
long-term monitoring plots as 10 x 110 m transects along three sides of each long-term 100 x
100 m plot (Fig. 2). Within each transect were eleven 10 x 10 m sub-plots, two of which were
fertilized (dissolved in solution) every three months (Jan, Apr, Jul, Oct) starting in Oct 2007 with
N (0.5 kg urea/10 m?), two with P (0.25 kg triple superphosphate/10 m?), two with both N and P
(same amounts as alone) and six controls separated each fertilized sub-plot (see, for example,
Tanner et al. 1992; Tanner et al. 1990). The long-term monitoring plots also served as controls.
Each sub-plot contained approximately 5 trees that were fertilized and measured (i.e., if there
were more than 5 in a sub-plot, then not every tree was fertilized and measured). Litter at the
base of each tree was cleared, fertilizer was applied and worked into the soil by foot, and the
litter was returned to reduce runoff and provide the fertilizer closer to the roots. Minimal
leaching or outgassing was reported in a similar experimental design fertilization experiment in
the Ecuadorian Andes (Wullaert ef al. 2010). Of those fertilized sub-plots within each transect,
half began fertilization in the first year and the other half in the second year. All sub-plots
continued to receive fertilization through 2009. This temporal stagger was designed as a
temporal control: the response of nutrient addition after the first year for the first group should be
similar to that after the second year for the second group, after accounting for the background
rate of growth. Therefore this experimental design enabled two-fold replication in time as well as

three-fold replication in space at each site.

Measurements

Draft Fo7r Review



O©oOoONOOPAWN =

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

Journal of Tropical Ecology

Soil and leaves were collected for nutrients analysis in October 2008. Soils were collected in
each 10 x 10 m sub-plot (both fertilized and control) with a soil corer. We sampled the entire
depth of the organic layer for each site, the entire depth of the mineral layer for the 3000 m site,
and half the depth of the mineral layer for the other sites (see Table 1). Organic and mineral
layers were separated. The organic layer soil was used primarily for analysis. Soils were weighed
to calculate soil bulk density. One transect per site was used for pH measurements for the soil
organic layer only. Leaves were cut fresh from three canopy heights (top, middle, bottom) for
trees (n=77) from all fertilized plots and 60% of the control plots (Table S1). The leaves were
then combined for an aggregate sub-plot canopy sample. Some leaves were reserved for more
detailed analyses: 1) we kept the canopy heights separated, but aggregated per sub-plot, for one
transect (only half the controls) per site; 2) we kept individual trees separate, but still aggregated
canopy heights, for ~20 trees per site.

Soil and leaf samples were analysed for nutrients content at A & L. Western Agricultural
Laboratories, Modesto, CA, USA. Soil pH was determined from a deionized water based
saturated paste extract. Total soil N (organic N, NH3 and NH4") was determined by measuring
total Kjeldahl N on a Kjeldahl machine (Distillation Unit 100, Fisher Scientific). Total soil P was
determined from nitric/hydrochloric acid digestion by method AOAC 957.02/SW846-60101B.
Leaf nutrients were determined from nitric/hydrochloric acid digestion prepared using a
modified MARS microwave oven (http://www.CEM.com), and analysis by inductively coupled
plasma spectrometry. All other procedures followed the North American Proficiency Testing
Program standards. Standard quality control samples were run every 20 samples.

Dendrometers measured with a caliper were fitted to each numbered and tagged tree with

a diameter at breast height (DBH, 1.3 m) greater than 10 cm. For trees with DBH less than 10 cm
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a DBH tape was used. Dendrometers were made from high-tension polyester strapping, springs
and clamps, and crosschecked with a DBH tape for every measurement. Precision was reported
to 0.01 cm. Moss, roots, lianas and other debris were separated from the bark of each tree at the
point of measurement. A painted mark on each tree indicated the exact location for repeat
measurements and to ensure that dendrometers had not been moved between measurements.
Many trees grew at angles away from the steep slopes—the point of measurement was 1.3 m
from the up-slope base of the tree along its length. Split trees were generally avoided, as were
palms and tree ferns, which do not exhibit extended DBH growth. DBH measurements were
recorded every three months beginning in April 2007, which was six months before the initial
fertilization began. The DBH distribution for each site and the tree height (measured from a laser
altimeter) to DBH relationship are shown in Fig. 3a,b.

Skyward-pointing (perpendicular to level) hemispherical photos with three different
exposures were taken at the centre of each sub-plot in October 2009. Photos were taken at dawn
under dry weather. Photos were processed for leaf area index (LAI) calculation using Can-Eye
v5.0 software. The software’s algorithm is based on the measurement of gap fraction, which
depends on light transmittance through the canopy considering the vegetation elements as
opaque. Further details on the theory and algorithms can be found on their website
(http://147.100.66.194/can_eye/). This method may provide larger LAI values than from a
spherical densiometer so the relative change in LAI is more useful here than are the absolute
values.

Soil CO, respiration was measured at the centre of each 10 m” sub-plot (both fertilized
and control) in October 2009 using an infrared gas analyser (EGM-4 and SRC-1 chamber, PP

Systems, Hitchin, UK). An experimental design was set up to partition the contributions from

Draft F09r Review



O©oOoONOOPAWN =

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

Journal of Tropical Ecology

surface organic litter, roots, mycorrhizae and soil microbes (Heinemeyer et al. 2007). Four soil
cores were installed in each sub-plot for the partitioning: 1) a surface core that integrated all
components for total respiration (Riiger+RrootstRmycorrhizaetRmicrobes); 2) @ surface core with litter
removed (R;oots+RmycorrhizaetRmicrobes); 3) @ deep core (40 cm) with fine 41 um gauge nylon mesh
covering cut out windows in the core that permitted the in-growth of ectomyccorhizal hyphae but
excluded roots (Langley et al. 2006) and litter removed (Rmycorrhizac+Rmicrobes); and, 4) a deep core
that excluded both roots and mycorrhizae, and litter removed (Rpicrobes).- The cores were installed
three months prior to the first measurements. Roots were manually removed from soil within the
deep cores; disturbance was accounted for with a sub-set of cores used to disturb the soil in the
same manner as the root removal procedure, but without actually removing roots. Soil moisture
and temperature were measured inside and outside each core with each measurement. The
contribution of each soil component was calculated from simple arithmetic differences between

cores (€.2., Riiter=Rcore 1—Reore 2)- T€N measurements were taken per core.

Data Analysis

We report total soil N and P from the organic (n=108) and mineral (n=36) layers separately for
all sites and fertilization treatments, and most control sub-plots (3 of 5 per transect for cost
reduction). For leaf nutrients we report sub-plot averages and standard errors aggregated for
fertilization treatment and control sub-plots within each site (n=132). Hypotheses tested using
ANOVA and one-tailed t tests were: 1) soil N declined with elevation; 2) soil P increased with
elevation; 3) soil N:P declined with elevation (and crossed 15 at mid-elevation: Aerts & Chapin
IIT 2000; Giisewell 2004; Koerselman & Meuleman 1996; Tessier & Raynal 2003); 4) soil N

and/or P were greater in the fertilized sub-plots than in the control sub-plots. We provide
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summaries of canopy height (n=108) differences in leaf nutrients as well as individual tree
(n=77) data in the supplementary information.

DBH measurements were recorded every ~3 months. Measurements from 11 trees were
removed from analyses as outliers because of unrealistic/inconsistent growth patterns. To assess
the main DBH response due to fertilization, we used data from the sub-plots fertilized starting in
the first year and all controls, and calculated the difference in DBH from the average of Oct 08
and Jan 09 minus the average of Oct 07 and Jan 08. This allowed for initial dendrometer settling
from Apr 07, and gave a full year response with an average over the dry (Oct) and wet (Jan)
seasons. To assess the temporal control, we compared the growth in the sub-plots fertilized in
year 1 (Oct 07 — Oct 08) as a percentage of the growth rate of the controls to the growth in the
sub-plots fertilized in year 2 (Oct 08 — Oct 09) as a percentage of the growth rate of the controls
in that year. Hypotheses tested using ANOVA and one-tailed t tests were: 1) mean DBH
decreased with elevation; 2) DBH growth rates were significantly greater in fertilized sub-plots
than in control sub-plots.

For LAI we calculated the proportional difference in LAI between the sub-plots fertilized
in year 1 with those fertilized in year 2. The expectation was that the LAI of the former would be
greater than that of the latter. Hypotheses tested using ANOVA and one-tailed t tests were: 1)
LAI decreased with elevation; 2) LAI was significantly greater in fertilized sub-plots than in
control sub-plots.

We report soil respiration as the proportional contribution to total respiration from each
individual component. Hypotheses tested using ANOVA and one-tailed t tests were: 1) Litter,

roots, mycorrhizae and/or microbial contribution to soil respiration were significantly different in
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the fertilized sub-plots than in the control sub-plots; 2) there was a significant difference in soil
respiration components with fertilization and with elevation.

We report results for sub-plots with at least 2 trees in the Fabaceae family, which is
potentially N-fixing, though the trees were not tested to determine if they were actively fixing N.
There were a total of 32 trees in the Fabaceae family (8 at 1500 m, 5 at 1000 m, 20 at 200 m). At
1000 m 2 were in a 1* year P fertilized plot. At 200 m, 2 were in a 1* year P fertilized plot, 2
were in a 2™ year P fertilized plot, and 2 were in a control plot. There were no more than one in

any plot at 1500 m.
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Results

Soil Nutrients

Soil N decreased with elevation from 200 m to 1500 m, but increased at 3000 m to
concentrations similar to that at 200 m (Fig. 4a). Soil N after fertilization was not significantly
greater than in the controls at p<0.05 (Table 2). The mean soil N in all treatments was greater
than that in the controls at the lowest elevation sites (200 m and 1000 m). There were no
significant trends with elevation for soil P, though mean soil P increased with elevation from
1000 m to 3000 m (Fig. 4b). Soil P was greatest at 200 m. Soil P was greatest for all sites with
the N+P treatment. Soil N and P were generally lower in plots with Fabaceae.

There were no significant elevation trends for soil N:P (Fig. 4c). Mean soil N:P was
generally greatest with N addition. Soil N:P was significantly less than that of the controls for
N+P fertilization at the 3000 m site (p<0.05). There were no significant differences in soil N, P
and N:P between the temporally staggered fertilization groups.

Nutrients data were collected for a sub-set of samples in the mineral layer as well (Table
3). Soil N was greater in the organic layer than in the mineral layer for the lower elevation sites
(200 and 1000 m), but this trend was reversed for the higher elevation sites (1500 m and 3000
m). There was no elevation trend with soil P; it was generally somewhat higher in the organic
layer than in the mineral layer. Subsequently, the soil N:P ratio followed the pattern of soil N—
greater in the organic layer in the lower elevation sites, and greater in the mineral layer in the
higher elevation sites. Soil bulk density decreased with elevation, and was always greater in the

mineral layer than in the organic layer.

Leaf Nutrients
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Mean leaf N increased slightly from 200 m to 1500 m, but decreased sharply at 3000 m (Fig. 4d).
The increase is more pronounced when normalized by soil N (not shown). This pattern was the
inverse of that for soil N. Leaf N was not significantly greater after fertilization than in the
controls. Leaf P significantly increased from 200 m to 1500 m for the control sub-plots, but
decreased at 3000 m, though still greater than that at 1000 m (Fig. 4e). The increase is more
pronounced when normalized by soil P (not shown). Leaf P was not significantly greater after
fertilization than in the controls, except with P at 1000 m and with N+P at 1500 m for the year 1
fertilized group only. On average, leaf N and P tended to be greater in the plots fertilized in year
1 relative to the plots fertilized in year 2, but not significantly so. There were no consistent trends
in leaf N and P for plots with Fabaceae.

Leaf N:P significantly decreased with elevation for all sites from 200 m to 3000 m (Fig.
4f). Leaf N:P was significantly less than that from the controls for N addition at 200 m and P
addition at 1000 m. The 200 m site with N addition was also the outlier to the general pattern that
mean leaf N:P was generally greater for N addition, then N+P addition, then P addition. Leaf N:P
at the lower elevation sites (200 m and 1000 m) was significantly greater than 15, suggesting
potential P limitation, and was significantly less than 15 at the higher elevation sites (1500 m and
3000 m), suggesting potential N limitation (Aerts & Chapin III 2000; Giisewell 2004;
Koerselman & Meuleman 1996; Tessier & Raynal 2003). The N:P ratio tended to be similar
between the two temporally staggered fertilization groups, except in the 1000 m site, where the
N:P ratio was less in the year 1 fertilized group than in the year 2 fertilized group.

We provide leaf N, P and N:P partitioned by canopy height (top, middle, bottom) as
supplementary information (Fig. Sla,b,c; the means are equivalent to Fig. 4d,e,f). There were

generally few significant differences between canopy heights and leaf nutrients. At the highest
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elevation sites (1500 m and 3000 m) leaf N in the top canopy was generally greater than or equal
to that in the bottom canopy, but this trend reversed at the lowest elevation site (200 m). Leaf P,
however, was generally lowest in the upper canopy for the higher elevation sites (1500 m and
3000 m). Leaf N:P was greatest in the upper canopy for the higher elevation sites. There was
greater variation in leaf N at the lower elevation sites (200 m and 1000 m) than in the higher
elevation sites (1500 m and 3000 m); the opposite was true for leaf P. We also provide individual
tree data (leaf NPK, DBH, tree height, family, genera, species and fertilization treatment) for 77
trees across all sites as supplementary information (Table S2). LAI for the fertilized sub-plots

was not significantly greater than that of the control sub-plots (data not shown).

DBH
In contradiction with what would be expected from leaf stoichiometry, we found an inverse
relationship in woody growth response to fertilization treatment with elevation. The DBH
response was greatest at 3000 m with P fertilization, decreasing with decreasing elevation, and
vice versa for N fertilization (Fig. 5). This pattern was consistent primarily for the sites in the
Kosiipata Valley. At 1000 m (i.e., the base of the valley), DBH with N fertilization was greater
than that in the control sub-plots. The mid-elevation 1500 m site responded minimally to all
treatments, though slightly greater on average (not significant) with the N+P treatment. At 3000
m, the DBH response with P fertilization was greater than that in the control sub-plots. DBH in
general decreased with elevation (i.e., Fig. 2a,b). There were no significant differences in plots
with Fabaceae.

Another test for the response to fertilization was if the response pattern in the first year

for the sub-plots fertilized in the first year was the same as that in the second year for the sub-
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plots fertilized in the second year (Fig. 5). Although the response in the second year group was
generally less than that of the first year group (except for the 1000 m site), the response pattern
was nearly identical, but with one exception. This exception was for the P fertilized plots in the
second year group, which exhibited almost no response to P fertilization, and which contradicts
the large response to P fertilization from the first year group. Upon further inspection, we found
a sample bias in these trees: they were on average 1 m shorter than the other trees in the
experiment. Thus, it may be that for these trees light limitation may have suppressed growth
rates more than did nutrient limitation. Nonetheless, the similar response patterns for all other

sub-plots and sites indicate a more robust pattern in fertilization response with elevation.

Soil Respiration
Soil respiration for the control sub-plots was divided approximately into three equal sources: 1)
litter, 2) roots and mycorrhizae, and 3) microbes (Figs 6 and S2). Litter respiration contribution
was relatively constant across sites, though increased marginally with elevation (29-37%).
Microbial respiration contribution (31-34%) was similar for all but the 1000 m site, where the
contribution was half that of the other sites (16%). Root respiration contribution was 21% at
3000 m and 1500 m, and 51% and 39% at 1000 m and 200 m, respectively. Mycorrhizal
respiration contribution was the lowest of the four components at 10% and 13% at 3000 m and
1500 m, respectively, and negligible at 1000 m and 200 m.

For the sub-plots fertilized in year 1 litter respiration contribution was relatively constant
(12-28%) across sites for the fertilized plots, though generally less than that from the controls.
Root contribution was large at 1500 m and 1000 m. There were no clear trends in mycorrhizal

contribution with elevation or fertilization treatment. Microbial contribution followed a similar
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pattern across sites with that from the controls. For the sub-plots fertilized in year 1 the
respiration from the roots was inversely proportional to that from the mycorrhizae (r’=0.67,
p<0.05)—i.e., when the contribution from mycorrhizae decreased, the contribution from the
roots increased, and vice versa.

There were some large differences in soil respiration partitioning between the sub-plots
fertilized in year 1 and those fertilized in year 2. The litter contribution generally decreased from
year 1 fertilized sub-plots to year 2 fertilized sub-plots for all treatments between groups due to
an increased contribution from roots and mycorrhizae. The mycorrhizal contribution increased
where the DBH response was greatest for the respective sites and fertilization treatments: at 3000
m with P fertilization, at 1000 m with N fertilization, and at 200 m site N+P fertilization. At
1500 m site, where there was marginal response to fertilization, the mycorrhizal contribution
decreased, and the root contribution increased for N+P.

To test our hypotheses of soil respiration partitioning response to fertilization we focus
on the sub-plots that received fertilization in year 1 because they have been fertilized longer than
the sub-plots fertilized beginning in year 2. The mean litter contribution was generally less in the
fertilized sub-plots than in the control sub-plots, though not significantly different. The mean
root contribution was greatest at 1500 m and least at 200 m for all treatments. Root contribution
was significantly greater than that from the controls for N+P at 1500 m. Mycorrhizal
contribution was significantly greater than that from the controls for N at 3000 m. Mean
microbial contribution was greater than that from the controls for N at all sites and greatest at
200 m for all treatments. Microbial contribution was significantly greater than that from the
controls for N at 3000 m and 200 m, for N+P at 200 m, and less than the controls for P at 1500

m.
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Discussion

Elevation and Fertilization

Soil N decreased and soil P increased with elevation for three out of four sites (prevailing
hypothesis partially supported). Leaf N increased very slightly and leaf P increased strongly with
elevation from 200 m to 1000 m and 1500 m, but thereafter both leaf N and P decreased at 3000
m (prevailing hypothesis inconclusive). The leaf N and P result is counter to that found by
Tanner et al. (1998) and Raich er al. (1997), who found that both leaf N and P decreased with
increasing elevation across a range of tropical montane forests, but in agreement with
observations from Kitayama and Aiba (2002) from Borneo. For direct comparison in a separate
study, van de Weg et al. (2009) found the same values for leaf N at our sites (controls only), but
they included measurements at 1750 m, 2300 m and 3500 m that together showed a modest
decrease in leaf N with elevation, but no altitudinal relationship with N per leaf area. Likewise,
they found the same values for leaf P at our 200 m and 1000 m sites, but less than at our 1500 m
and 3000 m sites. Leaf P increased with elevation on a per leaf area basis in their study.

The clearest trend from our results and perhaps the measurement of most direct
connection to nutrient limitation was the steady and significant decrease in leaf N:P ratio with
elevation, particularly with the “optimal” value of 15 (more on this below) crossed at mid-
elevation (prevailing hypothesis supported). van de Weg et al. (2009) found similar values at all
but the 1500 m site, where they had larger leaf N:P—and greater than 15—but the same general
decrease in leaf N:P with elevation.

Tree height and DBH decreased with increasing elevation, but LAI did not vary with
elevation, which is in agreement with Tanner (1980) and Lieberman et al. (1996). The DBH

response to P fertilization increased with elevation, and the DBH response to N fertilization
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decreased with elevation for three out of four sites (prevailing hypothesis unsupported). The
respiration contribution from litter increased slightly with increasing elevation, and that from
roots generally decreased with increasing elevation for the control plots only, which is consistent
with rhizotron results from Girardin ez al. (2010).

The least response was in litter contribution to soil respiration, leaf N, LAI and DBH
(Table 2). We might expect that there should be no response in litter contribution, particularly if
leaf N and LAI did not change. The most response was in the microbial and mycorrhizal
contributions, followed by leaf N:P, leaf P, root contribution, soil N:P and soil N. We might
expect that the non-litter belowground components would respond to fertilization much more
quickly than would the aboveground (i.e., DBH) components because belowground growth
changes on faster time scales than does aboveground growth (e.g., fine roots versus wood). Leaf
N:P was largely affected by changes in leaf P, and soil N:P was largely affected by changes in

soil N. Generally, the number of significant responses between treatments was similar.

Nutrient Limitation

Generally, an optimal soil and leaf N:P ratio is between 14-16 (Aerts & Chapin III 2000;
Koerselman & Meuleman 1996; Tessier & Raynal 2003). Anything less than that may tend to be
N limited, more than that P limited, and in between N+P co-limited. Giisewell (2004) broadens
that range of co-limitation to 10-20. The clearest trend in our results was the decrease in leaf N:P
with elevation across the 14-16 threshold at mid-elevation, which supports the prevailing
hypothesis of nutrient limitation for tropical montane forests (Fig. 4f). However, the inverse
response of DBH increment growth—increased response to P fertilization and decreased

response to N fertilization with elevation—is seemingly in contradiction with the stoichiometric

Draft F(}r9 Review



O©oOoONOOPAWN =

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

Journal of Tropical Ecology

results. How could sites that are supposedly N limited respond primarily to P fertilization, and
sites that are supposedly P limited respond primarily to N fertilization? Is “nutrient limitation”
from leaf stoichiometry equivalent to “nutrient limitation” from growth response?

The literature is divided on how nutrient limitation is defined (Giisewell 2004). Most
fertilization studies link growth response in DBH and/or LAI to nutrient limitation to the
fertilized element (e.g., Adamek et al. 2009; Harrington et al. 2001; Herbert & Fownes 1995;
Kitayama & Aiba 2002; Moser et al. 2007; Nomura & Kikuzawa 2003; Tanner et al. 1992;
Tanner et al. 1990; Vitousek et al. 1993; Weaver & Murphy 1990). One problem with leaf
stoichiometry is that the “optimal” value of ~15 in fact varies widely among individual species
(e.g., Aerts & Chapin III 2000; Giisewell 2004; Koerselman & Meuleman 1996). This is due in
part because N and P use efficiencies also vary widely (Aerts 1990; Aerts & Chapin III 2000;
Berendse & Aerts 1987; Vitousek 1982). However, one problem with growth response is that a
given plant might be nutrient limited, but light, moisture and/or temperature may be more
limiting to growth than nutrients so additional nutrients may not increase the growth of that plant
(Aerts & Chapin III 2000; Chapin II er al. 1986). Wullaert et al. (2010) also show an
inconclusive growth response to fertilization at a ~2070 m elevation site in the Ecuadorian Andes
(1300 km NW from our sites).

Another major problem with growth response is that with DBH and LAI we are not
directly measuring net primary productivity nor whole plant growth rates, but carbon allocation.
Two trees could have the same photosynthetic and productivity rates, but tree A could allocate
more carbon to woody growth and tree B to root growth. With a measurement of DBH alone it
would appear that tree A is more “productive”. In the same vein, adding nutrients to a tree might

result in an increase in DBH increment rates, which would seemingly indicate nutrient limitation.
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However, it may be a potential carbon allocation shift—e.g., less carbon allocation to roots if
fewer roots are needed to find nutrients, and the carbon that would have otherwise been allocated
to roots instead goes to woody growth (Aerts ef al. 1991; Aerts & Chapin III 2000; Gower &
Vitousek 1989; Nomura & Kikuzawa 2003; Ostertag 2001; Roderstein et al. 2005).

Although we did not measure root growth directly with response to fertilization, we did
measure root respiration and its response to fertilization. Furthermore, we measured mycorrhizal
respiration concurrently with root respiration. Respiration from roots was inversely proportional
to that from the mycorrhizae (Fig. 7). In other words, when root respiration increased,
mycorrhizal respiration decreased, and vice versa. This pattern was well distributed across all
sites. Thus, to separate nutrient limitation from carbon allocation, we would expect that there
would be no decrease in root respiration with DBH increases.

Mycorrhizal contribution to soil respiration was largest at 3000 m with P fertilization.
This was also where the largest increase in DBH occurred (Fig. 5). Mycorrhizal contribution was
second largest at 1000 m with N fertilization. This was where the second largest increase in DBH
occurred. The third largest contribution was at 200 m with N+P fertilization. This was where the
third largest increase in DBH occurred. For all but the 1500 m site, mycorrhizal respiration
contribution correlated well (r*=0.90, p<0.05) with DBH growth increases in fertilized plots.
Therefore, we cannot conclusively say that the greatest DBH responses were related to nutrient
limitation, but they may be more indicative of potential carbon allocation shifts.

The balance between more or less root versus mycorrhizal respiration is not surprising
from the standpoint of an individual tree. If symbiotic mycorrhizae can provide nutrients at less
of a carbon cost to the plant than would be the carbon cost of building and maintaining new

roots, then the optimal carbon economic allocation would be to obtain nutrients from
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mycorrhizae (Fisher et al. 2010; Smith et al. 2009). Roots would still be useful for water and
stability, but water was not limiting at our sites, and slopes were steep only at the 1500 m and
3000 m sites. Less carbon allocation to roots, and hence more of an active role of mycorrhizae in
this symbiosis, means that more carbon can be allocated elsewhere such as to wood (i.e., DBH)
or leaves (i.e., LAI). LAI in our study was relatively insensitive to nutrient perturbation. Results
from van de Weg et al. (in press) point to a poor fit between leaf N and photosynthetic
parameters (Vmax, Jmax) and constant leaf N per leaf area with elevation suggesting that
temperature and light, rather than nutrients, limit productivity. The newly available carbon as
seen from DBH growth increases in the fertilization experiment is therefore likely not from
increased productivity, but may be potentially from a shift in allocation from root to wood
carbon, aiding structural support.

This does not fully explain why at all of our sites except 1500 m, mycorrhizal
contribution increased and root contribution decreased when the non-limiting nutrient was
applied. In agreement, Falkengren-Grerup (1995) and Fliickiger and Braun (1998) found that
high N supply in P-deficient plants reduced root allocation (e.g., 1000 m). This is because N is
used to increase the mobilization of P through phosphatase production (Johnson et al. 1999;
Treseder & Vitousek 2001). Nonetheless, although mycorrhizae transport both N and P,
mycorrhizae are much more efficient and symbiotically used in the transport of P (Marschner &
Dell 1994). It is possible that at a P non-limited site (3000 m) mycorrhizae are more active in
general. Our results show that across all treatments mycorrhizal contribution was largest at 3000
m. The addition of P to this site possibly served to enhance mycorrhizal activity from fungal
species already well-positioned to take advantage of P. Regardless, these hypotheses were

untested, and further study is required to disprove them.
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One site did not follow the mycorrhizae-DBH relationship: the mid-elevation 1500 m
site. The fourth and fifth largest increases in DBH, though small (not significantly greater than
the DBH growth in the control sub-plots), occurred at 1500 m with N+P and P fertilization,
respectively. Yet, mycorrhizal contribution at 1500 m was minimal, and these DBH increases
corresponded to the largest and second largest contribution of roots to soil respiration for all the
sites and treatments. Thus, both DBH and root respiration increased with N+P fertilization at
1500 m. Also, leaf P significantly increased with N+P fertilization in the first year fertilized
group at 1500 m. According to the prevailing hypothesis of nutrient limitation for tropical
montane forests, mid-elevation would be N and P co-limited (Aerts & Chapin III 2000; Davidson
& Howarth 2007; Giisewell 2004; Tanner et al. 1998; Vitousek 1984; Vitousek & Farrington

1997; Wullaert et al. 2010), which was consistent with our results.

Conclusions

We presented here the first large scale study of nutrient dynamics and limitation in rain and
cloud forests along a 3000 m elevation transect in the Peruvian Andes and Amazonia. Our global
understanding of ecosystem—nutrients dynamics relies mostly on studies conducted in temperate
regions, with very few in tropical regions, and even fewer in tropical montane regions. The
eastern flank of the tropical Andes mountains and adjacent lowland Amazonia is the most
biologically diverse region of the planet, and this “megadiversity” is generally sustained on
nutrient-poor soils (Myers et al. 2000). Given increasing temperatures leading to increasing
decomposition and mineralization rates (Malhi & Wright 2004; Pastor & Post 1988; Peterjohn et
al. 1994; Salinas et al. 2011; Vuille & Bradley 2000), biomass burning in Amazonia leading to

downwind deposition (Aragdo et al. 2008; Aragdo et al. 2007; Boy et al. 2008; Fabian et al.
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2005) and shifts and migration in tree communities (Feeley & Silman 2010), the Andean nutrient
regime is almost certain to be changing and so too are its ecosystems. What we can expect from
these ecosystem changes in response to the nutrient regime changes can be investigated with

models (Fisher ef al. 2010), observations and experiments (Ostle ef al. 2009).
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726  Tables and Figures

727  Table 1. Site characteristics. For consistency with related papers, it is noted that the long-
728  term 1 ha plot at Wayqecha is 25 m upslope from the fertilization experiment (i.e., 3025 m).

Tambopata Tono San Pedro Wayqgecha

O©oOoONOOPAWN =

Elevation (m) 200 1000 1500 3000

10 Mean Annual Temperature (°C) 26.4 20.7 18.8 12.5

11 Mean Annual Precipitation (mm) 2730 3087 2631 1706

12 Slope (%) 0 8 27 28

Aspect - w w E

Geological Substrate Pleistocene alluvial Alluvial terrace Paleozoic shales- Paleozoic shales-
terrace slates slates

Soil Profile OL:ML (cm) 2:30 5:42 10:45 20:4

18 Soil pH 3.9 3.8 4.0 4.1

19 Dominant Plant Families Moyristicaceae; Rubiaceae; Lauraceae; Cunoniaceae;

20 Fabaceae Fabaceae; Rubiaceae; Clusiaceae

21 Moraceae Melastomatacea

22 Longitude -69.2967 -71.5327 -71.5370 -71.5870

23 Latitude -12.8387 -12.9475 -13.0492 -13.1903
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Measurement

Site

Year 1 Group

N

N+P

P

Year 2 Group

N

N+P

P

N

Year 1+2
N+P

P

Soil N

200 m
1000 m
1500 m
3000 m

0.12
0.08

0.09

0.19

0.06

0.11

0.09

0.17

Soil P

200 m
1000 m
1500 m
3000 m

0.09

0.19
0.12
0.11

0.12

Soil N:P

200 m
1000 m
1500 m
3000 m

0.08

0.02

0.10

0.16

0.03

0.17

0.00

0.13

Leaf N

200 m
1000 m
1500 m
3000 m

0.08
0.12

Leaf P

200 m
1000 m
1500 m
3000 m

0.15

0.19
0.00

0.12

0.20

0.09

0.06

0.17

0.04

Leaf N:P

200 m
1000 m
1500 m
3000 m

0.16

0.10

0.16

0.06

0.08

0.15
0.14

0.03

0.15

0.05

DBH

200 m
1000 m
1500 m
3000 m

0.18

0.18

0.15

LAI

200 m
1000 m
1500 m
3000 m

0.16

0.17

0.15

Litter Rs contribution

200 m
1000 m
1500 m
3000 m

0.11

0.18

Root Rs contribution

200 m
1000 m
1500 m
3000 m

0.07

0.07

0.04

0.16

0.07

0.05

0.12

0.17

0.07

Mycorrhizal Rs contribution

200 m
1000 m
1500 m
3000 m

0.20
0.08

0.07
0.09

0.16

0.11
0.05

0.10
0.13
0.18

0.19
0.05

0.02
0.00

0.06
0.00

0.06
0.17

Microbial Rs contribution

200 m
1000 m
1500 m
3000 m

0.05

0.10
0.01

0.04

0.10

0.17
0.02

0.08
0.01

0.02
0.00
0.08

0.03
0.01
0.00

0.01
0.17
0.02
0.20
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Table 2. Summary of measurements that increased (decreases included for soil and leaf
N:P ratios and soil respiration) significantly (p-values shown for <0.20, in bold for <0.05)
with fertilization (nitrogen, nitrogen+phosphorus, phosphorus) versus control sub-plots.
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732 Table 3. Soil properties for control plots at the four elevation sites.

200 m 1000 m 1500 m 3000 m
Soil N (organic:mineral) 3.5:1 4.8:1 0.85:1 0.83:1
Soil P (organic:mineral) 1.3:1 1.6:1 1.3:1 1.7:1
Soil N:P (organic:mineral) 2.0:1 3.0:1 0.74:1 0.50:1
Soil bulk density (g-cm"3; organic) 1.71 0.64 0.53 0.10
Soil bulk density (g-cm"3; mineral) 2.22 1.46 0.69 0.87
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100 m

100 m

10 m|
10m

Fig. 2. The experimental set up for the fertilization experiment (shown here at the 1500 m
site for example). The long-term 100 x 100 m plot is surrounded on three sides by 10 x 110
m transects consisting of 10 x 10 m sub-plots. Within each transect, two sub-plots were
fertilized with N, two with P, two with both N and P, and six controls separated each
fertilized sub-plot. Of those fertilized sub-plots within each transect, half began fertilization
in the first year (N0, NP0, P0) and the other half in the second year (N1, NP1, P1).
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Fig. 3. Average tree diameter at breast height (DBH) for each site (200 m, 1000 m, 1500 m,
3000 m): a) frequency distribution, and b) as a function of tree height. The regression
equations for tree height (y) versus DBH (x) are: y = 6.59LN(x) — 3.50 at 200 m (r2 = (.88);
y = 6.11LN(x) — 4.70 at 1000 m (r2 =4.70); y = 4.48LN(x) — 1.48 at 1500 m (r2 =0.78); y =
3.31LN(x) + 0.57 at 3000 m (r* = 0.66).
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51 753  Fig. 4. Total soil (a) and leaf (b) nitrogen (N), total soil (¢) and leaf (d) phosphorus (P), and
52 754  total soil (e) and leaf (f) N:P ratio in 2008 after one year of fertilization (N: 6 kg urea/site;
53 755  P: 3 kg triple superphosphate/site; N+P: 6 kg urea/site + 3 kg triple superphosphate/site).
54 756  Data are shown for all four sites (200 m, 1000 m, 1500 m and 3000 m) and all four
56 /57 treatments (control, N, N+P, P) as mean + SE. The dashed line in the leaf N:P ratio (and
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Fig. 5. The growth rate (A) in diameter at breast height (DBH) for each fertilization
treatment (Nitrogen, Nitrogen+Phosphorus, and Phosphorus) as a percentage of the change
in DBH for the control sub-plots. The 1000 m, 1500 m and 3000 m sites are all situated in
the same valley, and they follow inverse gradients in N and P response with elevation. The
first year change in DBH for the fertilized sub-plots as a percentage of that for the control
sub-plots split into two groups: sub-plots fertilized in the first year, and sub-plots fertilized
in the second year.
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Fig. 6. The percent soil respiration contribution between litter, roots, mycorrhizae and soil
microbes taken as that from the control sub-plots minus that from the fertilized (nitrogen,
nitrogen+phosphorus, phosphorus) sub-plots after two years of fertilization given as mean
+ SE scaled to percent of total error.
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respiration for all fertilization treatments (nitrogen, nitrogen+phosphorus, phosphorus)
and controls and all sites (200 m, 1000 m, 1500 m, 3000 m).
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y
2

2 779  Supplementary Table and Figures

5

6 780  Table S1. Individual tree data for 77 trees across all four sites (WA=3000 m, SP=1500 m,

7 781  TO=1000 m, TA=200 m). Fertilization treatments are given as N (N0), N+P (NP), P (P0)

8 782  and control (C). DBH was measured in July 2009. Some data were missing or unknown.

?0 Site Tree#f Plot Fert Family Genera Species DBH (cm) Height(m) LeafN (%) LeafP (%) LeafK (%)
11 WA 51 7F NO  CUNONIACEAE Weinmannia  crassifolia 8.1 8.0 1.32 0.11 0.73
12 WA 52 7F  NO  CUNONIACEAE Weinmannia  crassifolia 7.2 75 1.27 0.08 1.02
1 2 WA 53 7F NO  CLUSIACEAE Clusia sp 14.4 8.0 1.51 0.12 0.61
15 WA 54 7F NO THEACEAE Freziera parva 16.6 11.5 1.86 0.13 0.79
16 WA 55 7F NO  CLUSIACEAE Clusia sp 6.2 6.0 1.80 0.18 0.94
17 WA 32 9F NPO  CUNONIACEAE Weinmannia bangii 10.6 10.0 1.85 0.19 0.83
1 g WA 33 9F NPO  CUNONIACEAE Weinmannia  bangii 15.6 11.0 1.47 0.16 0.58
20 WA 34 9F NPO  CUNONIACEAE Weinmannia crassifolia 14.8 12.0 1.19 0.12 0.41
21 WA 35 O9F NPO  CUNONIACEAE Weinmannia  reticulata 3.2 45 1.95 0.17 0.99
gg WA 11 11F PO  CLETHRACEAE Clethra sp 10.4 7.5 1.22 0.10 0.81
o4 WA 12 11F PO CLUSIACEAE Cusia sp 21.4 12.0 1.31 0.38 1.00
25 WA 13 11F PO CLUSIACEAE Clusia sp 12.4 9.0 1.35 0.23 0.73
26 WA 14 11F PO CUNONIACEAE Weinmannia  crassifolia 11.3 8.0 1.17 0.12 0.55
g; WA 15 11F PO CUNONIACEAE Weinmannia crassifolia 11.2 8.0 1.20 0.09 0.66
29 WA 36 8/9C C CUNONIACEAE Weinmannia  bangii 12.2 11.0 1.49 0.12 0.61
30 WA 37 8/9C C MYRSINACEAE Myrsine coriacea 8.0 8.3 217 0.17 2.59
g; WA 38 8/9C C CUNONIACEAE Weinmannia  crassifolia 12.7 12.0 1.18 0.10 0.90
33 WA 39 8/9C C CUNONIACEAE Weinmannia latifolia 9.8 10.0 1.68 0.11 1.25
34 WA 40 8/9C C ARALIACEAE Oreopanax microcephalus 4.7 7.0 2.60 0.28 2.10
35

36 SP 312 1F NO LAURACEAE Endlicheria griseo-sericea 8.9 9.2 1.90 0.26 0.62
g; SP 313 1F NO  MELASTOMATACEAE  Miconia sp 7.8 7.0 2.22 0.23 0.73
39 SP 314 1F NO  EUPHORBIACEAE Acalypha 5.5 6.0 2.39 0.36 1.01
40 SP 315 1F NO EUPHORBIACEAE Hyeronima alchorneiodes 42.8 17.0 2.24 0.20 0.63
j; SP 316 1F NO ROSACEAE Prunus herthae 4.9 5.1 2.14 0.22 1.25
43 SP 291 3F NPO  ANNONACEAE Guatteria duodecima 8.9 8.8 2.23 0.13 0.73
44 SP 292 3F NPO  SAPOTACEAE Sarcaulus sp 15.8 15.0 1.87 0.29 0.48
25 SP 293 3F NPO  SAPOTACEAE Sarcaulus sp 17.4 15.0 1.74 0.18 0.33
43 SP 294 3F NPO  FABACEAE Inga 16.0 13.0 2.72 0.21 0.77
48 SP 295  3F NPO  SAPINDACEAE Paullinia 2.5 3.0 1.82 0.15 0.65
49 sp 271 SF PO ARECACEAE Euterpe p 17.9 13.8 2.01 0.13 0.36
2(1) SP 273 5F PO FABACEAE Inga sp 20.5 12.5 3.15 0.16 0.64
52 SP 274 5F PO RUBIACEAE 5.0 5.0 3.00 0.16 0.91
53 SP 275 5F PO ACTINIDIACEAE Saurauia sp 15.8 11.3 2.10 0.20 1.70
o4 SP 286 3/4C C PROTEACEAE 3.9 5.9 2.25 0.29 1.37
gg SP 287 3/4C C MONIMIACEAE Mollinedia sp 6.5 7.0 2.14 0.27 1.41
57 SP 288 3/4C C MORACEAE Pseudolmedia  sp 17.1 12.3 2.45 0.18 1.44
58

59

60
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Fig. S1. a) Leaf nitrogen (N), b) leaf phosphorus (P), and c) leaf N:P ratio from three
canopy heights (top, middle, and bottom) for all four sites (200 m, 1000 m, 1500 m, and
3000 m) and all four treatments (control, N, N+P, and P) in 2008 as mean + SE.
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788  Fig. S2. Soil respiration contribution for control and fertilized sub-plots from litter, roots,
789  mycorrhizae and microbes in 2009. The top three (Y1) panels are from the sub-plots that

790  received fertilization starting in the first year (2007), and the bottom three (Y2) panels are
791  from the sub-plots that received fertilization starting in the second year (2008).
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