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Thermal and precipitation seasonality as 
direct/indirect drivers of microbial community
structure and function
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Climate gradients in mountains
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Precipitation does not follow a predictable pattern



Seasonality in temperature and precipitation
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Seasonality and microbial community composition
and biogeochemistry
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(Jaeger et al. 1999), but the role of fungal succession has
not been studied in these species.

A Temporally Explicit N Cycle

Results from temporal studies of N fluxes, microbial
succession and turnover and timing of plant N uptake
discussed above have provided the first year-round
picture of N cycling in any natural ecosystem. In Fig. 4,

we summarize this understanding as a temporally
explicit model of the N cycle in alpine tundra. While
this model is representative of observed dynamics in the
alpine, we believe that the general ideas of microbial
turnover during the plant growing season and large
fluxes of N during seasonal transitions of microbial
communities are generally applicable even though the
timing and magnitude of these events will vary from
system to system.

Recent models of N cycling have emphasized plant
uptake of amino acids and microbial de-polymerization
of plant litter as important and underappreciated
aspects of N cycling in soil (Neff et al. 2003, Schimel
and Bennett 2004, Chapman et al. 2006). What Fig. 4
adds to these models is an understanding of the different
time scales on which microbial and plant nutrient
cycling occur. With regards to de-polymerization, the
discovery of wintertime peaks in fungal biomass, and de-
polymerizing bacteria (the CFB group) combined with
high rates of de-polymerase enzyme activity under the
snow, indicate that there is a temporal separation of the
major period of de-polymerization from the period of
plant N uptake. In addition, the snowmelt peak of
microbial death and proteolysis provides the largest
year-round pulse of DON and DIN, some of which can
be taken up by specific plants (e.g., R. adoneus and A.
rossii). But for many alpine plants (e.g., Deschampsia
caespitosa, Kobresia myosuroides) most N uptake occurs
later in the summer (Jaeger et al. 1999) and is driven by
the rapid turnover of the microbial N cycle in the
rhizosphere (Fig. 4).

Year-round seasonal succession of microbial groups
and rapid turnover of microbial biomass also offer a
mechanistic hypothesis for how available N (DON and
DIN) is both retained and lost from ecosystems. With
each turnover event or successional cycle, most N from
the previous cycle is retaken up by microbes (Fisk et al.
1998, Lipson et al. 2001) while a smaller proportion is
lost to leaching or plant uptake (Fig. 4). There should

FIG. 3. Seasonal succession of fungal endophytes within the
roots of field-collected snow buttercup plants (Ranunculus
adoneus). The three types of fungi are dark septate endophytes
(DSE), arbuscules of coarse AM fungi (arbuscules), and hyphae
of a fine AM endophyte (FE). DSE were quantified in
overwintering roots and correspond with the period of N uptake
by this plant. Arbuscules and the FE appeared in new roots just
prior to and during net phosphorus uptake by these plants in the
field. Angle brackets at the top of the figure indicate the
measured period during which most (.90%) of the uptake
occurred for each element. Data are redrawn from Mullen and
Schmidt (1993) and Mullen et al. (1998). Error bars indicate
6SE.

FIG. 4. A conceptual model of the succession of N cycles and losses from seasonally snow-covered ecosystems based on year-
round studies of alpine meadows. From left to right, the fall/winter cycle is a time of microbial buildup (low turnover), high de-
polymerase activity, and immobilization of N into microbial cells. At snow melt-out, the cold-adapted (psychrophilic) microbial
biomass crashes, resulting in release of dissolved N (DN). Some of this N is retained by growth of the snowmelt microbial
community and overwintering endophytic fungi or is lost to leaching. N in the summer microbial community turns over
approximately 10 times (N turnover time of 13–18 days) and each turn of the microbial cycle releases DON and DIN. Most of this
N is rapidly retaken up by the microbial biomass, but some may be taken up by plants and/or lost to leaching. The magnitude of N
losses during the summer should be directly related to the rapidity of microbial turnover and relative plant demand for N.
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Seasonality and soil microbial community
composition and biogeochemistry in the tropics
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• community composition ~ pH (higher values in 
the dry season);
• rainy season: Actinobacteria - major 

decomposers of complex polymers, anaerobic 
saprophytes/anaerobic N2-fixers adapted to 
fluctuating redox conditions;
• dry season: Beijerinckiaceae (Rhizobiales), free-

living N2-fixers, dominant in the phyllosphere.

Buscardo, E., et al. (2018). "Spatio-temporal dynamics of soil bacterial communities as a function of Amazon forest phenology." Scientific Reports 8(1): 4382.
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Spatio-temporal dynamics of soil 
bacterial communities as a function 
of Amazon forest phenology
Erika Buscardo  1,2,3, József Geml4,5, Steven K. Schmidt6, Helena Freitas1,  
Hillândia Brandão da Cunha3 & Laszlo Nagy2,3

Most tropical evergreen rain forests are characterised by varying degrees of precipitation seasonality 
that influence plant phenology and litterfall dynamics. Soil microbes are sensitive to soil water:air 
ratio and to nutrient availability. We studied if within-year seasonality in precipitation and litterfall-
derived nutrient input resulted in predictable seasonal variation in soil bacterial diversity/microbial 
functional groups in an Amazonian forest. We characterised the spatio-temporal dynamics of microbial 
communities from the plot to the stand scales and related them to precipitation seasonality and spatial 
variability in soil characteristics. Community composition and functional diversity showed high spatial 
heterogeneity and was related to variability in soil chemistry at the stand level. Large species turnover 
characterised plot level changes over time, reflecting precipitation seasonality-related changes in soil 
nutrient and moisture regimes. The abundance of decomposers was highest during the rainy season, 
characterised also by anaerobic saprophytes and N2-fixers adapted to fluctuating redox conditions. 
In contrast, Beijerinckiaceae, likely derived from the phyllosphere, were found at higher abundances 
when litter inputs and accumulation were highest. We showed that in a mildly seasonal rain forest, the 
composition of soil microbial communities appears to be following canopy phenology patterns and the 
two are interlinked and drive soil nutrient availability.

Studies of tropical forest phenology have shown correlations between patterns of precipitation seasonality, litter-
fall peaks and new leaf production, with ensuing patterns for gross primary production (photosynthesis)1,2. Such 
temporal pattern in phenology, more specifically peak periods of litterfall, must also affect soil/below-ground pro-
cesses. In fact, the dynamics and composition of soil microbes in terrestrial ecosystems and the biogeochemical 
processes that they are associated with can vary greatly both in time3 and space4. Temporal changes in bacterial 
communities vary from prompt responses to environmental cues to seasonal within-year dynamics5. Seasonality 
in microbial communities is linked to the temporal variability of plant-derived resources6, which, in turn, is 
related to limiting climatic factors that constrain growth during the year. Along with temporal variability there 
is a spatially uneven distribution of plant-derived resources as a result of differences in plant species composi-
tion/spatial distribution, quality in plant tissue chemistry and their seasonal production that may differ among 
different coexisting species7. The complexity of spatio-temporal variation makes the study of seasonal changes 
in microbial communities difficult and requires contemporaneous studies that also consider the magnitude of 
spatial soil heterogeneity8.

Variations in soil bacterial communities in extratropical natural ecosystems in response to seasonal changes in 
environmental variables have been reported from alpine tundra9,10 to temperate forests11,12. Across these different 
biomes, there have been similar taxonomic shifts observed between seasons, i.e. a higher relative abundance of 
Actinobacteria in winter and of Acidobacteria and certain Proteobacteria in summer9–11. These changes have been 
attributed to seasonal fluctuations in carbon substrate quality and availability associated with growing seasons in 
temperate ecosystems5 that are known to have short- and medium-term impacts on soil bacterial communities13.
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Increased abundance of
nitrifiers / denitrifiers and
decrease in N-fixers after
urea-N input in a lowland
Amazonia

Functional Ecology. 2018;32:773–784.	 wileyonlinelibrary.com/journal/fec	 	 | 	773© 2017 The Authors. Functional Ecology 
© 2017 British Ecological Society

 

Received:	25	January	2017  |  Accepted:	19	September	2017
DOI:	10.1111/1365-2435.12998

R E S E A R C H  A R T I C L E

Of mammals and bacteria in a rainforest: Temporal dynamics of 
soil bacteria in response to simulated N pulse from mammalian 
urine

Erika Buscardo1,2,3  | József Geml4,5 | Steven K. Schmidt6 | Artur L. C. Silva7 |  
Rommel T. J. Ramos7 | Silvanira M. R. Barbosa7 | Soraya S. Andrade7 |  
Ricardo Dalla Costa8 | Anete P. Souza2 | Helena Freitas1 | Hillândia B. Cunha3 |  
Laszlo Nagy2,3

1Centre	for	Functional	Ecology,	University	of	Coimbra,	Coimbra,	Portugal;	2Department	of	Plant	Biology,	University	of	Campinas,	Campinas,	Brazil;	3Large-scale	
Biosphere-Atmosphere	Programme,	National	Amazonian	Research	Institute	(INPA),	Manaus,	Brazil;	4Biodiversity	Dynamics	Research	Group,	Naturalis	Biodiversity	
Center,	Leiden,	The	Netherlands;	5Faculty	of	Sciences,	Leiden	University,	Leiden,	The	Netherlands;	6Department	of	Ecology	and	Evolutionary	Biology,	University	of	
Colorado,	Boulder,	CO,	USA;	7Department	of	Genetics,	Federal	University	of	Pará,	Belém,	Brazil	and	8Thermo	Fisher	Scientific,	São	Paulo,	Brazil

Correspondence
Erika	Buscardo
Email:	erikatea@ci.uc.pt

Funding information
Conselho	Nacional	de	Desenvolvimento	
Científico	e	Tecnológico,	Grant/Award	
Number:	CNPq	No.	480568/2011;	Fundação	
para	a	Ciência	e	a	Tecnologia,	Grant/Award	
Number:	SFRH/BPD/77795/2011

Handling	Editor:	Rachel	Gallery

Abstract
1.	 Pulse-type	perturbation	through	excreta	by	animals	creates	a	mosaic	of	short-term	
high	nutrient-load	patches	in	the	soil.	How	this	affects	microbial	community	com-
position	and	how	long	these	 impacts	 last	are	 important	for	microbial	community	
dynamics	and	nutrient	cycling.

2.	 Our	study	focused	on	the	short-term	responses	to	N	by	bacterial	communities	and	
‘functional	groups’	associated	with	the	N	cycle	in	a	lowland	evergreen	tropical	rain-
forest.	We	applied	a	single	urea	pulse,	equivalent	to	urine-N	deposition	by	medium-
sized	mammals	 to	 simulate	N	enrichment	 and	changes	 in	 soil	N	availability,	 and	
analysed	soil	bacterial	communities	using	molecular	methods,	before	and	after	urea	
application.

3.	 Urea	 addition	 increased	 mineral	 N	 availability	 and	 changed	 bacterial	 community	
composition,	from	phylum	to	operational	taxonomic	unit	levels,	however,	taxon	rich-
ness	and	diversity	were	unaffected.	Taxa	 involved	 in	 the	physiologically	 “narrow”	
processes	of	nitrification	(e.g.	Nitrosospira)	and	denitrification	(e.g.	Phyllobacteriaceae,	
Xanthomonadaceae and Comamonadaceae)	increased	their	relative	abundance,	while	
N2-fixers	 (e.g.	Rhodospirillales,	 and	Rhizobiales)	 decreased	after	 treatment.	While	 a	
temporal	legacy	on	both	community	composition	and	functional	group	profile	was	
observable	58	and	159	days	after	treatment,	at	the	latter	date	bacterial	communities	
were	already	tending	towards	pre-treatment	composition.

4.	 We	suggest	that	pulse-type	perturbation	by	mammal	urine	that	occurs	on	a	daily	
basis	 has	 strong	 short-term	effects	on	patch	dynamics	of	 soil	microbiota	 and	N	
availability.	Such	a	 spatio-temporally	dynamic	 soil	environment	enhances	overall	
microbial	 richness	and	diversity,	 and	contributes	 to	 the	apparent	 temporal	 resil-
ience	of	community	composition.

Buscardo, E., et al. (2018). "Of mammals and bacteria in a rainforest: Temporal dynamics of soil bacteria in response to simulated N pulse from mammalian urine." Functional Ecology 32(3): 773-784.



Higher soil fungal OTU richness and diversity in the dry season
in lowland Amazonia
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Diversity / abundance of dark-
septate fungi seasonally increase
with soil drought

Less extracellular enzyme
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Land use / land cover change and microbial 
community composition and biogeochemistry in 
tropical mountains
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(Jaeger et al. 1999), but the role of fungal succession has
not been studied in these species.

A Temporally Explicit N Cycle

Results from temporal studies of N fluxes, microbial
succession and turnover and timing of plant N uptake
discussed above have provided the first year-round
picture of N cycling in any natural ecosystem. In Fig. 4,

we summarize this understanding as a temporally
explicit model of the N cycle in alpine tundra. While
this model is representative of observed dynamics in the
alpine, we believe that the general ideas of microbial
turnover during the plant growing season and large
fluxes of N during seasonal transitions of microbial
communities are generally applicable even though the
timing and magnitude of these events will vary from
system to system.

Recent models of N cycling have emphasized plant
uptake of amino acids and microbial de-polymerization
of plant litter as important and underappreciated
aspects of N cycling in soil (Neff et al. 2003, Schimel
and Bennett 2004, Chapman et al. 2006). What Fig. 4
adds to these models is an understanding of the different
time scales on which microbial and plant nutrient
cycling occur. With regards to de-polymerization, the
discovery of wintertime peaks in fungal biomass, and de-
polymerizing bacteria (the CFB group) combined with
high rates of de-polymerase enzyme activity under the
snow, indicate that there is a temporal separation of the
major period of de-polymerization from the period of
plant N uptake. In addition, the snowmelt peak of
microbial death and proteolysis provides the largest
year-round pulse of DON and DIN, some of which can
be taken up by specific plants (e.g., R. adoneus and A.
rossii). But for many alpine plants (e.g., Deschampsia
caespitosa, Kobresia myosuroides) most N uptake occurs
later in the summer (Jaeger et al. 1999) and is driven by
the rapid turnover of the microbial N cycle in the
rhizosphere (Fig. 4).

Year-round seasonal succession of microbial groups
and rapid turnover of microbial biomass also offer a
mechanistic hypothesis for how available N (DON and
DIN) is both retained and lost from ecosystems. With
each turnover event or successional cycle, most N from
the previous cycle is retaken up by microbes (Fisk et al.
1998, Lipson et al. 2001) while a smaller proportion is
lost to leaching or plant uptake (Fig. 4). There should

FIG. 3. Seasonal succession of fungal endophytes within the
roots of field-collected snow buttercup plants (Ranunculus
adoneus). The three types of fungi are dark septate endophytes
(DSE), arbuscules of coarse AM fungi (arbuscules), and hyphae
of a fine AM endophyte (FE). DSE were quantified in
overwintering roots and correspond with the period of N uptake
by this plant. Arbuscules and the FE appeared in new roots just
prior to and during net phosphorus uptake by these plants in the
field. Angle brackets at the top of the figure indicate the
measured period during which most (.90%) of the uptake
occurred for each element. Data are redrawn from Mullen and
Schmidt (1993) and Mullen et al. (1998). Error bars indicate
6SE.

FIG. 4. A conceptual model of the succession of N cycles and losses from seasonally snow-covered ecosystems based on year-
round studies of alpine meadows. From left to right, the fall/winter cycle is a time of microbial buildup (low turnover), high de-
polymerase activity, and immobilization of N into microbial cells. At snow melt-out, the cold-adapted (psychrophilic) microbial
biomass crashes, resulting in release of dissolved N (DN). Some of this N is retained by growth of the snowmelt microbial
community and overwintering endophytic fungi or is lost to leaching. N in the summer microbial community turns over
approximately 10 times (N turnover time of 13–18 days) and each turn of the microbial cycle releases DON and DIN. Most of this
N is rapidly retaken up by the microbial biomass, but some may be taken up by plants and/or lost to leaching. The magnitude of N
losses during the summer should be directly related to the rapidity of microbial turnover and relative plant demand for N.
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