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Gregarious flowering and death of understorey bamboo
slow litter decomposition and nitrogen turnoverin a
southern temperate forest in Patagonia, Argentina
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Summary

1. The massive synchronized flowering and subsequent mortality of understorey bamboo species
occur in infrequent and unpredictable intervals in temperate and subtropical forests around the
world. Because of the sporadic occurrence of these flowering episodes and the long intervals
between events, very little is known about their consequences on biogeochemical cycling in
natural ecosystems.

2. In 2001, a synchronized flowering and dieback of the native bamboo, Chusquea culeou E.
Desv., occurred, covering more than 200 000 ha in the north-west region of Patagonia, Argen-
tina. We explored the impacts of this gregarious flowering event on litter decomposition and
nitrogen turnover in an old-growth southern beech forest for 3 years after the flowering event.

3. Bamboo litter decomposed significantly slower than overstorey tree litter, and decomposition
in flowered patches overall was significantly reduced compared to remnant live understorey
patches. In addition, soil mineral nitrogen was reduced in flowered patches, and nitrogen
transformations were altered, most notably in the third year after the flowering event.

4. This infrequent phenomenon of gregarious flowering could have consequences for carbon and
nutrient cycling, as low-quality standing dead biomass is gradually incorporated into soil organic
matter pools. This study demonstrates that large biotically mediated perturbations of under-
storey vegetation can impact biogeochemical cycles in temperate forest ecosystems by reducing
carbon turnover and altering nitrogen availability and transformations, even in the absence of
physical disturbance.

Key-words: bamboo flowering, biotic disturbance, carbon cycling, litter decomposition, nitro-
gen cycling, Nothofagus forest, southern beech, South America

Introduction

Understorey vegetation can have considerable impacts on
biogeochemical cycles in forest ecosystems, affecting carbon
and nutrient mineralization through the characteristics of
the senescent material entering the soil organic matter pools
(Lorenz et al. 2000; Prescott et al. 2000; Wardle, Bonner &
Barker 2002), through environmental control on moisture
and temperature conditions (Xiong et al. 2008) or because
of overstorey litterfall interception (Dearden & Wardle
2008). In addition, alterations in dominant understorey veg-
etation through natural or human-induced physical pertur-
bations can impact forest biogeochemical cycles. The
destruction of understorey vegetation by hurricanes, for
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example, can cause major increases in soil nitrogen losses
(Wright & Coleman 2002), although rapid understory
regeneration can provide for high resilience for nutrient
cycling (Cooper-Ellis et al. 1999). In addition, human-
caused alterations in understorey species composition had
larger effects on decomposition as opposed to direct effects
resulting from land-use changes (Quested et al. 2007).
Biotically mediated disturbances affecting understorey veg-
etation have the potential to affect biogeochemical cycles.
One of the most studied of these impacts is the effect of species
invasions that result in alteration of the dominance in under-
storey vegetation. These invasions generally increasing litter
decomposition and nutrient pools, retention and turnover
(Ehrenfeld, Kourtev & Huang 2001; Allison & Vitousek
2004; Harner et al. 2009; Sharma & Raghubanshi 2009).
Other Dbiotic disturbances such as large-scale insect
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defoliation can also impact carbon and nutrient cycling in for-
est ecosystems and the functioning of soil organisms (Yang
2006). Plant responses of understorey and overstorey vegeta-
tion with gypsy moth infestation can dramatically affect car-
bon fluxes, for example, with a general reduction in plant
growth and carbon fixation in the wake of these events (Koso-
la et al. 2001; Clark, Skowronski & Hom 2010), as well as
reduced input of senescent material to soil organic pools.

In some temperate and subtropical forests, bamboo grasses
dominate the understorey (Janzen 1976; Pearson, Pearson &
Gomez 1994; Judziewics et al. 1999) and can substantially
affect ecosystem characteristics and processes. Because of
their fast growth and considerable biomass (Veblen 1982;
Christanty, Mailly & Kimmins 1997; Singh, Singh & Tripathi
1999), it has been suggested that live bamboos can affect com-
petitive interactions (Young & Peffer 2010; Tomimatsu et al.
2011) and, in particular, overstorey tree regeneration, because
of light limitation imposed by the dense understorey cover
(Veblen 1982; Taylor et al. 2006; Tang, Li & Zhu 2007). In
addition, litter quality of bamboo can affect rates of decom-
position (Tripathi & Singh 1992b; Arunachalam, Upadhyaya
& Arunachalam 2005; Fujimaki, Takeda & Wiwatiwitaya
2008), with a general trend for reduced rates of mass loss in
litter compared with dominant tree species in temperate for-
ests (Liu, Fox & Xu 2000; Tripathi et al. 2006; Fujimaki, Tak-
eda & Wiwatiwitaya 2008). Finally, carbon fixation by
bamboo can contribute substantially to soil organic matter
and nutrient pools, accounting for up to one-third of the net
primary productivity in forests with dense bamboo understo-
rey (Gonzalez & Donoso 1999; Singh & Singh 1999; Tripathi
et al. 2006) and for the maintenance of soil fertility, particu-
larly nitrogen pools (Christanty, Mailly & Kimmins 1997,
Singh & Singh 1999).

An unusual characteristic of nearly all bamboo species is a
single reproductive event that leads to massive flowering, seed
production and senescence (Janzen 1976; Keeley & Bond
1999; Jaksic & Lima 2003), with the period between flowering
episodes ranging from 3 to 120 years (Campbell 1985; McC-
lure 1993). The intervals between flowering events are then
entirely dominated by vegetative growth and clonal reproduc-
tion. Bamboo flowering events have been recorded for centu-
ries in Asia (Numata 1970; Gadgil & Prasad 1984) and the
Americas (Seifriz 1950; Filgueiras 1988; Jaksic & Lima 2003),
but the unpredictable nature of these flowering episodes and
the long intervals between events complicate the assessment
of ecological consequences of these events in natural eco-
systems. The physiological mechanisms controlling these
sporadic events are not understood (Janzen 1976; Lin et al.
2009, 2010), although various hypotheses regarding the evo-
lutionary value of this semelparous flowering behaviour have
been postulated (Keeley & Bond 1999; Franklin & Bowman
2003; Franklin 2004).

Variable conditions in both space and time created by
gregarious bamboo flowering could alter ecosystem processes
in forests. Typically, in the years following these flowering
events, bamboo seedlings regenerate directly from seeds
(Marchesini, Sala & Austin 2009), and the return to the pre-

flowering vegetative condition can take up to 15 years,
depending on the climate and species (Janzen 1976; Pearson,
Pearson & Gomez 1994). Dramatic changes in light availabil-
ity in this post-flowering period can favour overstorey tree
regeneration (Taylor, Jinyan & ShiQiang 2004; Holz & Veb-
len 2006; Giordano, Sanchez & Austin 2009; Marchesini, Sala
& Austin 2009), alter species diversity and composition (Bud-
ke et al. 2010) and affect trophic interactions, particularly
with respect to predation and herbivory (Kitzberger, Chane-
ton & Caccia 2007; Raffaele, Kitzberger & Veblen 2007).
Flowering events have been shown to affect nutrient avail-
ability, with reduced soil mineral nitrogen pools observed
after a large-scale flowering event in Japan (Takahashi ez al.
2007). Carbon turnover, and particularly litter decomposi-
tion, has yet to be evaluated following a gregarious flowering
event of understorey bamboo in temperate forest ecosystems.

A massive flowering event of the understorey bamboo,
Chusquea culeou E. Desv., occurred in the north-west Patago-
nian region of Argentina in 2001, which affected more than
200 000 ha of native forest ecosystems (Fig. 1). We hypothe-
sized that this infrequent event could have substantial effects
on carbon and nutrient mineralization because of large
changes in live and senescent biomass pools and the disrup-
tion of plant nutrient uptake. We predicted that the flowering
event would have two major consequences for biogeochemi-
cal cycling: (i) the death of the understorey would initially
cause an increase in soil mineral nitrogen because of reduced
plant uptake by understorey vegetation, and (ii) the input of
large amounts of low-quality litter would reduce litter
decomposition of both understorey bamboo and overstorey
canopy species and provoke immobilization of nutrients by
soil microbial communities. As these two effects could be

Fig. 1. Chusquea culeou in the understorey of a temperature Patago-
nian forest. The two photographs show the different understorey con-
ditions 2 years after the 2001 flowering event, with the left panel
showing the remnant green live bamboo patches, and the right hand
panel with the senescent bamboo understorey. Photographs courtesy
of V. Marchesini.
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compensatory, it is the net effect of mineralization—-immobili-
zation and plant uptake that would determine the impact on
nitrogen dynamics in this ecosystem. We compared rates of
litter decomposition and soil N availability in areas where
bamboo had flowered and senesced with that in remnant
patches of live bamboo in the 3 years following this massive
flowering bamboo event in an old-growth forest in Patagonia.

Materials and methods

STUDY SITE

The study site is in the Neuquén Province of Argentina, in an old-
growth temperate forest (40°S 71°W) within the boundaries of Lanin
National Park. The site is located at an elevation of 800 m with mean
annual precipitation of 2200 mm and with minimum and maximum
temperatures that range from 3 (July) to 18 °C (January). Soils are
Andisols, derived from volcanic ash, with a high content of silt, clay
and organic matter (Dezzotti er al. 2003). The forest canopy is co-
dominated by three Nothofagus species: the deciduous Nothofagus
obliqua (Mirb.) Blume and Nothofagus nervosa (Phil.) Dim. et Mil.
and the evergreen Nothofagus dombeyi (Mirb.) Blume (Vivanco &
Austin 2008). The understorey vegetation is entirely dominated by
the bamboo species C. culeou, which is dense and monospecific, with
above-ground biomass ¢. 3-5 kg m™> (Marchesini, Sala & Austin
2009). Chusquea culeou synchronously flowered and senesced in early
2001 in the region covering an expanse of over 200 000 ha, resulting
in the death of 95% of the above-ground bamboo biomass (Sangui-
netti & Garcia 2001; Marchesini, Sala & Austin 2009). Small
(<200 m? remnant patches of understorey bamboo interspersed
throughout the study site did not flower and remained green.
Although it is not understood why these small patches did not flower,
there were no obvious differences in terms of understorey and
overstorey biomass, slope or aspect as compared to the areas that did
flower.

EXPERIMENTAL DESIGN

To compare the effects of bamboo flowering on litter decomposition
and nutrient cycling, two patch types were established, representing
live understorey (LU) and senescent understorey (SU) conditions.
Remnant green bamboo patches (LU) that had not flowered were
used as control microsites, representing forest conditions prior to the
flowering event. Flowered bamboo patches (SU) consisted of areas
where C. culeou flowered and subsequently died in 2001 and
contained all standing dead material. Eight plots of 25 m? in each
understorey condition were established, with similar overstorey can-
opy conditions and homogeneous bamboo cover. None of the plots
were located in gaps or open areas, and as the three Nothofagus spp.
coexist throughout the site (Vivanco & Austin 2008), there was no
species-specific bias associated with the plots. Soil sampling and litter
decomposition experiments were conducted over a 2-year period from
2003 to 2005, with various sampling dates in all seasons except winter.

LITTERDECOMPOSITION

Senescent material of the overstorey Nothofagus species and the bam-
boo species, C. culeou, was collected in fall of 2002 for litter decompo-
sition experiments. We collected recently senesced leaves of the three
Nothofagus species (N. dombeyi, N. obliqua and N. nervosa) using
nets suspended 1 m from the soil surface. C. culeou leaves, stems and
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petioles were collected from standing dead culms and from fresh
senescent litter on the forest floor. In the laboratory, litter was sepa-
rated in intact, undamaged senescent leaves (Nothofagus spp. and
C. culeou), petioles and culms (C. culeou); 1:500 g of senescent plant
material was placed in 2-mm mesh fibreglass litterbags of 15 x 15 cm.
In the case of the overstorey Nothofagus species, 0-500 g of each Not-
hofagus was mixed and put together in a single litterbag. Litterbags of
the four litter types (C. culeou leaves, petioles and stems, and Nothof-
agus spp.) were placed on the soil surface at the study site after remov-
ing the litter layer in late February 2003 in plots of both flowered and
unflowered understorey conditions (N = 5 for each patch, litter type
and date). Litterbags were placed in the centre of the 5 x 5 m plot and
collected after 78, 137, 365, 553 and 739 days. Once retrieved from
the field, litterbags were carefully cleaned; extraneous debris was
removed, and after 2 days of drying in a 65 °C oven, remaining litter
was weighed for determination of mass loss. All samples were also
corrected for soil contamination by calculating ash-free dry mass
(AFDM). A ground subsample of each litterbag was combusted in a
muffle furnace at 450 °C for four hours to determine inorganic matter
content (Robertson & Paul 2000). The decomposition rate was esti-
mated assuming an exponential decay rate, where In(M,/M,) = —k,,
where M, is the initial AFDM, M, is the AFDM at time ¢, and k is the
decomposition constant (Swift, Heal & Anderson 1979). In all cases,
the single exponential function with a zero intercept had a better fit
than a simple linear regression and also allowed for direct comparison
among litter types and treatments (Vivanco & Austin 2008). Initial lit-
ter quality measurements for per cent nitrogen, per cent phosphorus
and lignin were conducted with subsamples of the initial litter pool
for each species (N = 5 for each litter type). Subsamples of litter
material were ground to pass a 20-um mesh, and nitrogen (%N) and
phosphorus (%P) were determined using a Kjeldahl acid digestion
procedure (Florence & Milner 1979) with digestion extracts measured
colorimetrically using an Alpkem® autoanalyser (O-I Corporation,
College Station, Texas, USA). Lignin concentrations were deter-
mined using a standard fibre acid detergent method (Van Soest 1963).
Carbon content (%C) was calculated as 50% of AFDM. Statistics for
differences in litter quality were conducted using a one-way ANOVA
and differences in organic mass loss of decomposition constants (k)
using two-way ANovA with litter type and understorey condition (LU
and SU) as the main factors.

CARBON AND NUTRIENTLITTERINPUT

Cover of understorey bamboo was monitored over 3 years from 2003
to 2006 (for more details on methodology, see Marchesini, Sala &
Austin 2009). A calibration was completed in these plots to correlate
basal cover of bamboo stems with the total biomass in LU and SU
plots (Marchesini, Sala & Austin 2009). In addition, the relative con-
tribution of stem, leaf and petiole biomass was determined with har-
vests of understorey bamboo in 12 secondary adjacent plots of 1-5 m?
(N = 6 of each patch type). A subsample of this biomass (c¢. 20%)
was taken to the laboratory in Buenos Aires, and stems of diameters
ranging from 1 to 4 cm (N = 38) were separated to determine the
proportions of leaf and petiole biomass to stem biomass. Average val-
ues of leaf and petiole biomass per stem were 57 (£06)% and 7-6
(£0-7)%, respectively.

The estimations from standing live and dead biomass and relative
proportions of leaf and petiole biomass to stem biomass were used to
calculate the total input of material in live and SU plots based on the
aerial stem cover at each sampling date. Estimates for leaf litterfall
from LU patches were derived from live stem biomass (Marchesini,
Sala & Austin 2009) and assumed a turnover time of 1 year. Biomass
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input from SU biomass was calculated as the difference with the mea-
surements for remnant standing dead biomass values over consecu-
tive years from Marchesini, Sala & Austin (2009). Overstorey litterfall
from Nothofagus spp. are average values from the study site used for
all years (Vivanco 2008). Estimations of nitrogen content and C/N
ratios of litter input were then calculated based on litter quality deter-
minations described previously together with total biomass litterfall
estimations. Finally, average site decomposition rates for each under-
storey condition were determined as an average of decomposition for
each litter type weighted by its relative contribution to overall litter
input in each year, in both understorey conditions.

SOILNITROGENDYNAMICS

For determination of inorganic soil nitrogen (NH4-N and NO3-N),
soil samples of 0-10 cm of mineral soil were extracted at a randomly
selected point in each plot (N = 8 for each patch type) using a 5-cm-
diameter PVC tube. Soils were kept in airtight plastic bags and were
processed the same day of extraction. Soils were initially sieved
through a 2-mm mesh, and a subsample of 10 g of soil was added to
50 mL 2N KClI (Robertson et al. 1999). Once in the laboratory, soil
extracts were filtered using Whatman® No. 42 filters; extracts were
then analysed colorimetrically using an Alpkem® autoanalyzer (O-I
Corporation). Water content was estimated gravimetrically, where a
subsample of humid soil was weighed and dried in a 105 °C oven for
48 h. Soil N concentrations were corrected for soil water content.
Daily values for NH4-N and NO;-N were calculated based on
interpolations of the values from each sampling date, and average
annual values were then calculated based on the average values across
the entire year. Differences in soil mineral N were evaluated using a
two-way ANOVA, with year and understorey condition as the two main
factors. Data for nitrate were log-transformed to meet assumptions
for homogeneity of variance. Post hoc comparisons were completed
using a Tukey’s HSD test.

Soil net N mineralization was estimated using the buried bag tech-
nique (Stark 2000). We used as the initial sample (TO0) the soil cores
that were sampled for inorganic N determination, and a second sam-
ple of similar size (0-10 cm depth) was incubated in a polyethylene
bag (40 um) until the following sampling date. At this point, soil
within the bag was removed from the plastic bag and processed as
described earlier for the determination of inorganic N concentrations.
Net nitrification was calculated as the difference in ammonium and
nitrate concentration between the initial and the sample incubated in
the buried bag, and net mineralization as the difference of the sum of
both ammonium and nitrate, divided by the days of incubation.

Table 1. Nutrient content, organic matter and lignin concentrations,
Nothofagus spp. in a temperate forest in Patagonia, Argentina

Differences for nitrogen transformation rates were evaluated using
two-way ANovA with time and understorey condition (LU or SU) as
the main factors. In all cases for statistical tests, an alpha of 0-05 was
used to establish significant differences among means for both one-
way and two-way ANOVAS.

Results

LITTER QUALITY ANDDECOMPOSITION

Litter quality varied with litter type (Table 1), with significant
differences between bamboo litter and overstorey Nothofagus
spp. for almost all evaluated characteristics. Bamboo leaf
litter had significantly less %N and %P and lignin than over-
storey Nothofagus spp. leaf litter (Table 1). The C/N ratio
(>600) of the bamboo stem material deviated strongly from
all other litter types and was more similar to litter quality
from coarse and fine woody debris.

Litter decomposition in both understorey conditions and
for all litter types followed an expected exponential decline in
organic mass remaining over time, with large differences
between litter types (Fig. 2). Most notably, stem bamboo lit-
ter decomposed very slowly, with less than 10% of organic
matter loss at the end of the 2-year incubation period. When
decomposition was considered as the slope of organic matter
loss over time [k constants (Vivanco & Austin 2008)], both lit-
ter type and patch type demonstrated significant effects on
decomposition (Fig. 3; P < 0-001, and P < 0-05 for litter
type and understorey condition, respectively). There were
large differences among the k constants of litter types
(Fig. 3a), with the litter mixture of overstorey tree species,
Nothofagus spp., decomposing significantly faster than the
bamboo litter and stem material decomposing slowest, with
the leaf and petiole bamboo litter demonstrating intermediate
values of decomposition. Decomposition correlated posi-
tively with initial per cent N, P and lignin (correlation coeffi-
cients of 0-81, 0-41 and 0-41 for N, P and lignin, respectively)
and negatively with C/N and C/P ratios (correlation coeffi-
cients of —=0-85 and —0-63 for C/N and C/P, respectively).

Beyond the litter quality effects on decomposition, there
was a direct microsite effect between the LU and SU patches,
which resulted in a significant reduction of decomposition in

and carbon/nutrient ratios of senescent material of Chusquea culeou and

Litter quality variable

%N %P C/N C/P %OM %ULignin
Chusquea culeou
Leaf 0-51 (0-:022)* 0-042 (0-004)* 435 (2:12)* 559 (73)* 662 (1:07)* 81 (0-82)*
Petiole 0-46 (0-027)* 0-028 (0-008)" 909 (6:51)* 1858 (367)° 90-0 (0-29)° 129 (1-20)*
Stem 0-09 (0-016)° 0039 (0-013)* 609 (113)° 2273 (817)° 99-0 (0-52)° 119 (2-12)*
Nothofagus spp. 0-89 (0-078)¢ 0-093 (0-003)" 49-5 (4-56)" 462 (25)* 927 (1-02)° 232 (0-84)°

Values are means of litter samples (N = 5, SE in parentheses). The litter of overstorey for Nothofagus spp. was an equivalent mixture of the
three co-dominant Nothofagus species in the site (Vivanco & Austin 2008). Different letters indicate significant differences between litter

types at P < 0-001.
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Fig. 2. Organic matter loss from litter over time after a massive bam-
boo flowering event in (a) live understorey and (b) senescent understo-
rey patches in a Patagonian temperate forest. Symbols are mean
values (= SE) for each sampling date and indicate different litter types
of Chusquea culeou and a mixture of the dominant overstorey Nothof-
agus species.

SU patches (Fig. 3b, P < 0-05). As the interaction between
litter type and understorey condition was not significant, we
could not evaluate the relative effect of understorey condition
on each litter type statistically, but those most affected by the
understorey condition were Nothofagus spp. (15% slower)
and C. culeou petiole litter (32% slower) in the SU patches
(Fig. 2).
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INORGANIC SOILNITROGEN AND NET MINERALIZATION

Flowering understorey condition had significant effects on
soil mineral N (Fig. 4) and N transformations of net nitrifica-
tion and net mineralization (Fig. 5). Ammonium was signifi-
cantly lower in SU patches in both 2003-2004 and 2004-2005
(Fig. 4, P < 0-05). Soil nitrate demonstrated a significant
interaction with understorey conditions and time, with a sig-
nificant decrease in SU patches 2003-2004, but with a return
to pre-flowering conditions in the 2004-2005 period (Fig. 4b,
interaction understorey X year P < 0-05). Differences in
mineralization between LU and SU patches followed a differ-
ent pattern from inorganic soil N, although both net minerali-
zation (Fig. 5a) and net nitrification (Fig. 5b) had a
significant understorey X time interaction (P < 0-05 in both
cases). No detectable differences for net mineralization and
nitrification were observed in 2003-2004, but significant dif-
ferences were observed in 2004-2005, with higher net nitrifica-
tion in LU plots in mid-summer (December) and fall
(March). Net mineralization was significantly higher in LU
plots in mid-summer (December) and was significantly lower
in the fall sampling point (May).

LITTERAND NUTRIENT INPUT AT THE ECOSYSTEM
SCALE

Estimations for total litter input from SU and LU patches
showed substantial differences in inputs between understorey
conditions (Table 2). In addition, there was a shift in the type
and quantity of senescent material over time in the two patch
types, which did not alter the total amount of nitrogen in the
litter input, but substantially changed the C/N ratio
(Table 2). As time passed after flowering, the continued lack
of leaf litter inputs from bamboo and the large increase in
standing dead culms falling to the soil surface almost doubled
total litter input in the third year of the study, accompanied
with a substantial increase in the C/N ratios (Table 2).

Discussion
The ecological consequences of biotically mediated distur-

bances on ecosystem processes can be considerable and

(b) P<0-05

[ ]
0-00
Leaf Petiole

<«— Chusquea culeou —» SPP-

Stem  Nothofagus

LU SuU
Understorey condition

Fig. 3. Decomposition constants (k, per year) for (a) different litter types and (b) all litter types in live understory and senescent understorey con-
ditions. Bars indicate mean values + SE. Both litter type (P < 0.001) and understorey condition (P < 0.05) were significantly different for
decomposition rates; different letters or asterisks indicate significant differences for post hoc comparisons with a Tukey’s HSD test.
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Fig. 4. Inorganic mineral nitrogen of (a) ammonium and (b) nitrate
in surface soils (0—-10 cm) for 2003-2005 in live understory and senes-
cent understorey conditions. Bars indicate daily weighted annual
means (+ SE) for different understorey conditions (live or senescent),
and different letters or asterisks indicate significant differences for
post hoc comparisons with Tukey’s HSD test.

lasting in terrestrial ecosystems. We demonstrate in this study
that gregarious flowering and death of the bamboo understo-
rey impacted both carbon and nutrient turnover in this Pata-
gonian temperate forest. The extensive death of the dense
monospecific understorey had marked effects on the light
environment in this forest (Giordano, Sanchez & Austin
2009, Marchesini, Sala & Austin 2009), but without strong
effects on soil temperature or soil moisture (Marchesini, Sala
& Austin 2009). As such, the main impacts on biogeochemical
cycling appear to stem primarily from the quality and quan-
tity of senescent material on the forest floor and the subse-
quent plant-soil interactions affecting carbon and nutrient
turnover.

IMPACTS OF BAMBOO FLOWERING ON LITTERINPUTS
AND DECOMPOSITION

Understorey bamboo can be an important component of for-
est litterfall, with one-third of litterfall from bamboo leaf litter
in some temperate forests (Gonzalez & Donoso 1999; Tri-
pathi ez al. 2006). In addition, gregarious bamboo flowering
events have been shown to markedly increase the input of leaf
litterfall, as much as doubling the contribution from non-
flowering years (Gonzalez & Donoso 1999), which is consis-
tent with the results from this study (Table 2). In this study,
we also demonstrated that the large increase in standing dead
culms, which greatly exceeded leaf litterfall and decomposed
more slowly, was an important consequence of the flowering

51 Understorey x Date P < 0-05

44 —A— LU
08U

Net mineralization (ug g soil~'d-")

Understorey x Date P < 0-05

Net nitrification (ug g soil-'d™")

T T T T T T T T T T T T
S L PP F T FSPSHS

R A A P O

Fig. 5. Nitrogen transformations in surface soils from 2003 to 2005
in live understory and senescent understorey conditions for (a) net
nitrogen mineralization and (b) net nitrification. Symbols indicate
mean values (N = 8, =SE). In both cases, the interaction between
understorey condition and date was significant (P < 0.05), and aster-
isks indicate significant differences between patch types at the given
sampling date.

event. (Figs. 2 and 3). The dieback of the C. culeou understo-
rey resulted in an input of nearly 4-4 kg m™> of organic matter
over a 4-year period (leaf litter and standing dead culms com-
bined), more than doubling average overstorey litter produc-
tion (Marchesini, Sala & Austin 2009). However, because this
senescent material was gradually incorporated into soil
organic matter pools over several years following the flower-
ing event, the effects on soil organic matter accumulation and
dynamics were attenuated, unlike a single physical distur-
bance that would result in an immediate large pulse of organic
input (Table 2, Marchesini, Sala & Austin 2009).

The increase in low-quality litter resulted in direct (litter
quality) and indirect (site) inhibition of decomposition, which
was consistent with our original hypothesis. The chemical
composition of the litter types from bamboo leaves, petioles
and culms (Table 1) and their respective decomposition
(Fig. 2) suggest that the low quality of material from the bam-
boo flowering event could be responsible for the reduction in
decomposition observed in the SU patches. Although a single
study in a subtropical forest showed no site-specific effects of
a sporadic bamboo flowering event on litter decomposition
(Montti et al. 2011), litter quality of bamboo and agricultural
activity have been shown to be factors affecting decomposi-
tion in ecosystems where bamboo species are an important
component of the vegetation (Deka & Mischra 1982; Tripathi
& Singh 1992b; Arunachalam, Upadhyaya & Arunachalam
2005, Fujimaki, Takeda & Wiwatiwitaya 2008). A study in a
tropical savannah showed similar trends, with leaf and sheath
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Table 2. Estimations of litter input, nutrient content, C/N ratios and site-level decomposition for 2003-2006 after a gregarious bamboo
flowering event in a temperate forest in Patagonia, Argentina. For details on calculations, please see Methods section

Live understorey (LU) Senescent understorey (SU)
2003-2004 2004-2005 2005-2006 2003-2004 2004-2005 2005-2006
Chusquea culeou

Leaf (g m™) 240 273 167 339 - -

Petiole (g m™) 321 366 480 459 - -

Stem (g m™2) - - - 418 1497 2440
Nothofagus spp.

(gm™) 478 478 478 478 478 478
C/N of litter input 75 76 77 100 176 226
Decomposition (k, per year) 0-22 0-23 0-23 0-21 0-13 0-14
Total N (g m™?) 69 73 73 84 56 64
Total (g m™2) 1039 1117 1125 1694 1975 2918

litter decomposing substantially faster than stem tissue (Tri-
pathi & Singh 1992a). In addition, bamboo litter decomposed
more slowly than overstorey tree litter in several studies in
Asian temperate forests (Liu, Fox & Xu 2000, Tripathi ez al.
2006; Fujimaki, Takeda & Wiwatiwitaya 2008), similar to the
patterns observed in this study. Thus, one of the direct effects
of this gregarious flowering event stems from changes in the
quality of senescent material entering the soil organic matter
pool.

Slowed decomposition in SU microsites supports this litter
quality influence, and additionally, the increased input in the
amount of low-quality litter reduced decomposition at the
ecosystem scale in this temperate forest ecosystem (Table 2,
Fig. 3b). There were no detected differences in microclimatic
conditions of air temperature and surface soil water content
(0-5 cm) in these two understorey conditions (Marchesini,
Sala & Austin 2009), but it cannot be ruled out entirely that
other environmental conditions caused the observed changes
in litter decomposition in the two understorey conditions.
Over time, the absence of high litter quality inputs from the
understorey combined with the gradual incorporation of
standing dead material from fallen culms created distinctive
conditions that differ from the normal live bamboo understo-
rey, which could persist for some years following the flower-
ing event. In addition, pulsed inputs of heterogeneous litter
quality and quantity could also affect resilience and stability
of the decomposer food webs (Moore et al. 2004), although
the evaluation of trophic dynamics was beyond the scope of
the present study.

IMPACTS OF BAMBOO FLOWERING ON NITROGEN
CYCLING

There were observed changes in inorganic nitrogen pools and
nitrogen mineralization because of the gregarious flowering
event. Our original hypothesis was that an initial increase in
soil nitrogen would occur because of reduced understorey
plant uptake. However, we observed no initial increase in
mineral soil nitrogen. As such, the responses in N cycling
appear to reflect a changing importance of possible leaching
losses and microbial immobilization over time (Figs. 4 and

5). A single study that evaluated flowering effects in a sea-
sonal tropical forest in Thailand demonstrated an overall
decrease in soil nutrient status after flowering, including
nitrogen and calcium concentrations. These authors suggest
that the alterations in N cycling were attributed to strong
immobilization by microbial biomass because of the large
input of low-quality plant litter (Takahashi ez al. 2007), which
is consistent with the patterns observed in this study for both
carbon and nitrogen mineralization. The combination of
decreased ammonium pools in both years (Fig. 4) and
reduced net nitrogen mineralization (Fig. 5) suggests that
low-quality litter inputs could have enhanced microbial
immobilization in spite of presumed lower plant uptake. It
should be noted that while changes in uptake and retention of
nitrogen in the ecosystem by plants were very likely to have
been reduced, it was not possible to quantify the importance
of nutrient absorption by live bamboo, which can be substan-
tial in some bamboo-dominated forests (Christanty, Mailly &
Kimmins 1997; Tripathi et al. 2005). In addition, while
increased leaching losses cannot be ruled out to explain the
reduction in soil mineral nitrogen, the impact of an increase
in low-quality litter may actually have reduced nitrogen losses
from the ecosystem through the stimulation of microbial
immobilization in areas where bamboo flowering occurred.

Further insights regarding the impacts of bamboo flower-
ing on nutrient cycling can be gained from removal experi-
ments of understorey bamboo, which mimic to a certain
degree the active condition of the understorey after bamboo
flowering but without the effect of increased litter inputs
(Table 2). Complete removal of all understorey biomass in a
forest dominated by dwarf bamboo demonstrated higher lev-
els of soil nitrate, which the authors attribute to increased N
inputs from root biomass and decreased N uptake by bamboo
(Tripathi et al. 2005). This result is not consistent with the
results of our study, which demonstrated a significant reduc-
tion in soil nitrate in the first year of measurement (Fig. 4).
This evidence supports the conclusion that one of the princi-
pal causes of the slowed decomposition and reduction in soil
mineral nitrogen is owing to the incorporation of large quan-
tities of low-quality senescent material resulting from the
gregarious flowering and death of the understorey.
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ECOLOGICAL IMPLICATIONS

Infrequent ecological events can profoundly affect ecosystem
processes as they reset the successional and biogeochemical
clock in natural ecosystems (Aber et al. 2002; Kitzberger, Cha-
neton & Caccia 2007). The biotically mediated disturbance
evaluated in this study is more similar to an abiotic disturbance
(e.g. Cooper-Ellis et al. 1999; Wright & Coleman 2002) than a
biotic disruption because of invasion or defoliation (e.g.
Ehrenfeld, Kourtev & Huang 2001; Clark, Skowronski &
Hom 2010), inlarge part because of the synchronized mortality
of the above-ground biomass at a large spatial scale. At the
same time, the biological significance of this flowering event
for this old-growth forest, which has demonstrated impor-
tance for early-stage overstorey regeneration (Giordano, San-
chez & Austin 2009) and plant-animal interactions
(Kitzberger, Chaneton & Caccia 2007), is particularly relevant
considering the demonstration of an affinity of the soil decom-
poser community for particular litter types (‘home-field
advantage’) where overstorey litter always decomposed faster
when placed in sites with its own litter (Vivanco & Austin
2008). The demonstration that this delicate plant—soil interac-
tion is eliminated due to changes in nitrogen availability
(Vivanco & Austin 2011) highlights the potential importance
of this flowering event for its impact on plant-soil interactions
due to alterations in nutrient cycling. At present, the trigger
that elicits gregarious flowering events is currently unknown
(Janzen 1976; Lin et al. 2009, 2010), but the return to the
pre-flowering vegetative state could take more than 15 years
(Pearson, Pearson & Gomez 1994), followed by an estimated
future 60 years of vegetative growth. It seems clear that these
large, unpredictable events create fluctuating biogeochemical
conditions with significant consequences for soil organic mat-
ter quality and ecosystem functioning in this Patagonian
forest. Potential future work examining longer-term effects on
carbon and nutrient pools as the understorey returns would be
important to understand how these changes could affect tree
regeneration, plant competitive interactions and the mainte-
nance of overstorey and understorey diversity in this temper-
ate forest ecosystem.
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