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Resumen	general	de	la	tesis	
	

	
	

Figura	1.	Diagrama	conceptual	que	ilustra	los	principales	factores	moduladores	
del	proceso	de	descomposición	de	la	materia	orgánica.	La	interacción	del	clima	y	
la	vegetación	se	da	a	varias	escalas	temporales,	a	corto	plazo	la	interacción	de	la	
temperatura,	 la	 vegetación	 (calidad	 y	 cantidad	 de	 materia	 orgánica),	 y	 la	
comunidad	microbiana	son	el	principal	 factor	modulador	de	 la	descomposición	
(Aerts	 2006).	 A	mediano	 y	 largo	 plazo,	 la	 temperatura	modula	 la	 composición	
química	 de	 los	 residuos	 vegetales,	 así	 como	 la	 composición	 de	 la	 vegetación	
(Aerts	 2006).	 Lo	 anterior	 determina	 la	 dinámica	 de	 carbono	 y	 nutrientes	 en	 el	
sistema	(Modificado	de	(You	et	al.	2014).	
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Capítulo	uno	
Are	vegetation-soil	systems	drivers	of	ecosystem	carbon	contents	along	an	

elevational	gradient	in	a	highland	temperate	forest?	
	

Figure	 1.	 Biomass	 stocks	 of	 three	 vegetation-soil	 systems	 of	 temperate	 forest,	
Mexico.	 The	 forest	 floor	 stocks	 include	 litter	 and	 coarse	 woody	 residues.	
Different	 letters	 between	 vegetation-soil	 systems	 within	 each	 stock	 indicate	
significant	differences	(Tukey	HDS	test	p≤	0.05).		
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Figure	2.	Relative	contribution	of	parts	of	the	vegetation-soil	system	to	the	total	
C	 content:	 above	 and	 belowground	 tree	 carbon,	 forest	 floor	 (litter	 and	 coarse	
woody	 residues)	 and	 soil	 organic	 carbon	 (1m2).	 The	 numbers	 within	 the	 bars	
indicate	the	percentage	of	the	total	C	within	that	vegetation-soil	system.	

	

54	

Table	 1.	 Environmental	 and	 vegetation	 characteristics	 of	 three	 vegetation-soil	
systems	on	an	altitudinal	gradient	 in	a	temperate	forest	 in	central	Mexico.	Lang	
Index	calculated	as	MAP/MAT.	
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Table	 2.	 Allometric	 equations	 to	 estimate	 aboveground	 tree	 biomass	 for	 the	
three	 vegetation-soil	 systems	 of	 highlands	 temperate	 forest,	 Mexico.	 Shown:	
Equations,	 diameter	 used	 to	 estimate	 tree	 biomass	 for	 the	 published	 equation,	
and	locality	at	which	the	equations	were	developed.			
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Table	 3.	 Litter	 biomass,	 litterfall	 rate,	 decomposition	 litter	 rate	 (k)	 and	mean	
residence	 time	 (MRT)	 of	 three	 vegetation-soil	 systems	 of	 highlands	 temperate	
forest,	 Mexico.	 Different	 letters	 indicate	 that	 means	 are	 significantly	 different	
among	the	systems	(Tukey	HDS	test	p≤	0.05).	
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Table	4.	Carbon	concentration	and	carbon	contents	in	vegetation	components	in	
the	three	vegetation-soil	systems	of	highlands	temperate	forest,	Mexico.	Different	
uppercase	 letters	 indicate	 significant	 differences	 among	 the	 systems;	 different	
lowercase	 letters	 indicate	 differences	 among	 the	 components	 within	 each	
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vegetation-soil	system	(Tukey	HDS	test;	p≤	0.05).	
	
Table	5.	Soil	characteristics	of	the	top	30	cm	in	the	 in	the	three	vegetation-soil	
systems	 of	 highlands	 temperate	 forest,	 Mexico.	 Different	 letters	 indicate	 that	
means	are	significantly	different	among	the	systems	(Tukey	HDS	test	p≤	0.05).	
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Table	6.	Soil	characteristics	for	the	horizons	in	the	three	vegetation-soil	systems	
of	highlands	temperate	forest,	Mexico	
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Capítulo	dos		
Soil	organic	matter	dynamics	and	microbial	metabolism	along	an	altitudinal	gradient	

in	Highland	tropical	forests		
	

Figure	1.	13C	CPMAS	NMR	spectrograms	of	samples	associated	to	vegetation-soil	
systems	 along	 altitudinal	 gradient	 (Alnus	 jorullensis	 at	 3,100	 m.a.s.l.;	 Abies	
religiosa	at	3,500	m.a.s.l.;	Pinus	hartwegii	3700	m.a.s.l.):	A)	litterfall,	B)	fine	roots,	
C)	organic	layer	and	D)	Mineral	soil	(0-30	cm)	
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Figure	 2.	 DSC	 Thermograms	 of	 samples	 associated	 to	 soil-vegetation	 systems	
along	 altitudinal	 gradient	 (Alnus	 jorullensis	 at	 3,100	 m.a.s.l.;	 Abies	 religiosa	 at	
3,500	m.a.s.l.;	Pinus	hartwegii	3700	m.a.s.l.):	A)	litterfall,	B)	fine	roots,	C)	organic	
layer	and	D)	Mineral	soil	(0-30	cm).	
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Figure	 3.	 Threshold	 Elemental	 Ratio	 a)	 C:N	 (TERC:N),	 and	 b)	 C:P	 (TERC:P)	 	 of		
microbial	 community	 in	 organic	 layer	 samples	 from	 three	 temperate	dominant	
arboreal	 species	 from	 highlands	 in	 central	 Mexico.	 Different	 uppercase	 letter	
indicates	that	the	means	are	significantly	different	between	species	(p	≤	0.05).	
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Figure	 4.	 Threshold	 Elemental	 Ratio	 a)	 C:N	 (TERC:N),	 and	 b)	 C:P	 (TERC:P)	 	 of		
microbial	 community	 in	 soil	 samples	 from	 three	 temperate	 dominant	
arboreal	 species	 from	 highlands	 in	 central	 Mexico.	 Different	 uppercase	
letter	indicates	that	the	means	are	significantly	different	between	species	
(p	≤	0.05).		
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Figure	5.	Main	factors	that	determine	the	responses	of	parameters	of	A)	Organic	
matter	 characteristics	 and	 B)	 Microbial	 metabolic	 activity	 in	 three	 temperate	
dominant	 arboreal	 species	 systems	 from	 highlands	 in	 central	Mexico.	HB:HI	 is	
the	 hydrophobicity	 ratio,	 MAT	 is	 mean	 annual	 temperature,	 DES	 is	 activity	 of	
dehydrogenase	and	TER:	threshold	elemental	ratio.	
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Table	 1.	 13C	NMR	parameters	of	 samples	 associated	 to	 soil-vegetation	 systems	
(SVS)	along	altitudinal	gradient	(Alnus	jorullensis	at	3,100	m.a.s.l.;	Abies	religiosa	
at	 3,500	 m.a.s.l.;	 Pinus	 hartwegii	 3700	 m.a.s.l.).	 HB:HI	 means	 hydrophobicity	
ratio.	
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Table	 2.	 DSC-TG	 parameters	 of	 samples	 associated	 to	 soil-vegetation	 systems	
(SVS)	along	altitudinal	gradient	(Alnus	jorullensis	at	3,100	m.a.s.l.;	Abies	religiosa	
at	3,500	m.a.s.l.;	Pinus	hartwegii	3700	m.a.s.l.).	
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Table	 3.	Average	and	standard	error	of	nutrient	concentrations	and	quantified	
ecoenzyme	 activities	 from	 the	 organic	 layer	 samples	 of	 three	 temperate	
dominate	arboreal	species	from	highlands	in	central	Mexico.	Different	uppercase	
letter	 indicates	 that	 the	means	 are	 significantly	 different	 between	 species	 (p	 ≤	
0.05).	*:	p=0.05;	**:	p=0.01;	***:	p<0.001.	
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Table	4.	Average	and	standard	error	of	nutrient	ratios	and	ecoenzyme	activities	
ratios	 from	 the	 organic	 layer	 samples	 of	 three	 temperate	 dominate	 arboreal	
species	 from	 highlands	 in	 central	 Mexico.	 Different	 uppercase	 letter	 indicates	
that	 the	means	are	significantly	different	between	species	(p	≤	0.05).	*:	p=0.05;	
**:	p=0.01;	***:	p<0.001.	
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Table	 5.	Average	and	standard	error	of	nutrient	 concentrations	and	quantified	
ecoenzyme	 activities	 from	 the	 mineral	 soil	 samples	 (0-30	 cm	 depth)	 of	 three	
temperate	dominant	arboreal	species	from	highlands	in	central	Mexico.	Different	
uppercase	 letter	 indicates	 that	 the	 means	 are	 significantly	 different	 between	
species	(p	≤	0.05).	*:	p=0.05;	**:	p=0.01;	***:	p<0.001.	
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Table	6.	Average	and	standard	error	of	nutrient	ratios	and	ecoenzyme	activities	
ratios	 from	 the	 mineral	 soil	 samples	 (0-30	 cm)	 Nutrient	 ratio	 and	 ratio	
ecoenzyme	 activities	 in	 the	 soil	 of	 three	 temperate	 dominate	 arboreal	 species	
from	 highlands	 in	 central	 Mexico.	 Different	 uppercase	 letter	 indicates	 that	 the	
means	 are	 significantly	 different	 between	 species	 (p	 ≤	 0.05).	 *:	 p=0.05;	 **:	
p=0.01;	***:	p<0.001.	
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Table	 S1.	 Regression	 between	 elemental	 ratios	 of	 microbial	 biomass	 and	
elemental	ratios	of	resources	(organic	layer	or	soil)	of	three	dominant	temperate	
arboreal	 species	 from	 the	 highlands	 of	 central	 Mexico.	 Data	 in	 bold	 denote	
significant	values	(p	≤	0.05).	
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Índice	de	abreviaturas	

13C	CPMAS	
NMR		 Espectroscopia	de	estado	sólido	del	13C	NMR		
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Resumen general de la tesis  

Los bosques templados de latitudes medias se establecen a lo largo de gradientes 

altitudinales donde la temperatura y la precipitación ejercen un efecto sobre la composición 

química de los residuos vegetales y la comunidad microbiana, modificando el proceso de 

descomposición de la materia orgánica y la dinámica del carbono y nutrientes del suelo. El 

objetivo general de esta investigación fue caracterizar cómo los cambios en la composición 

química de los residuos vegetales determinan la dinámica del carbono y nutrientes del suelo 

en un gradiente altitudinal de un bosque templado del centro de México. Los objetivos 

particulares fueron: 1) cuantificar los principales almacenes de carbono en tres diferentes 

sistemas de vegetación-suelo dominados por las especies arbóreas Alnus jorullensis, Abies 

religiosa y Pinus hartwegii distribuidos en un gradiente de elevación en el centro de México; 

y 2) analizar el efecto de la interacción de la cantidad y calidad de la materia orgánica 

derivada de las especies vegetales arbóreas dominantes y el metabolismo microbiano 

relacionado con la descomposición a lo largo de un gradiente altitudinal en un bosque 

templado de tierras altas en el centro de México. 

En este trabajo se seleccionaron tres sistemas de vegetación-suelo templados a través de un 

gradiente altitudinal, en el que la temperatura disminuye conforme la elevación se 

incrementa y la especie arbórea dominante cambia con respecto con la altitud. En la parte 

baja se eligió Alnus jorullensis (3100 a 3200 msnm), en la parte media Abies religiosa (3500 

a 3700 msnm) y en la parte alta Pinus hartwegii (3700 a 4000 m snm). En cada sistema 

vegetación-suelo se seleccionó un área de aproximadamente tres hectáreas de bosque y se 

establecieron cinco parcelas de 50 × 50 m al azar y separadas al menos 200 m entre ellas. Se 

colectaron muestras de hojarasca, mantillo, raíces finas y suelo para determinar la 

concentración y almacenes de carbono y nutrientes. Después se analizaron con resonancia 



  2 
  
 

magnética nuclear de 13C en estado sólido con polarización cruzada y giro de ángulo 

mágico (13C CPMAS NMR) y termografía para caracterizar la composición química y la 

proporción de compuestos lábiles y recalcitrantes de carbono. Por último, en el mantillo y 

suelo se determinó la concentración de carbono, nitrógeno y fósforo en su forma total (Ct, Nt 

y Pt), compuestos orgánicos disueltos (COD, NOD y POD), disponibles (NH4+, NO3- y HPO42) y 

en biomasa microbiana (Cmic, Nmic y Pmic). Además, se caracterizó la respiración microbiana 

(CO2) durante 14 días y la actividad enzimática relacionada con carbono (DES, BGL, POX), 

nitrógeno (NAG) y fósforo (AP). 

En el primer capítulo se destaca el efecto de la especie sobre la diferencia de la magnitud de 

los almacenes de carbono aéreo, mantillo y suelo a través de un gradiente altitudinal (a 

partir de aquí tomamos a la vegetación y el suelo como una sola unidad, denominando a 

cada sistema con el nombre de la especie arbórea dominante A. jorullensis, A. religiosa y 

Pinus hartwegii). Los sistemas A. religiosa y A. jorullensis tuvieron el contenido total más alto 

y más bajo de carbono a nivel del ecosistema (301 y 228 Mg C ha-1, respectivamente). El 

sistema vegetación-suelo de A. religiosa tuvo el mayor almacén de carbono de biomasa 

aérea (216 ± 31 Mg C ha-1). El sistema vegetación-suelo A. jorullensis tuvo la mayor 

producción de biomasa de hojarasca (3.1 ± 0.08 Mg ha-1 año-1); y el menor contenido de 

carbono en el mantillo (1.2 ± 0.32 Mg C ha-1). Por lo tanto, el mantillo en el sistema de A. 

jorullensis tuvo marcadamente el tiempo de residencia más corto (8 años-1), lo que sugiere 

tasas altas de descomposición del mantillo. Mientras que el almacén de carbono del suelo (a 

una profundidad de 1 m) fue mayor en A. jorullensis (189 Mg C ha-1) y P. hartwegii (137 Mg 

C ha-1) que en A. religiosa (68 Mg C ha-1). Lo anterior sugirió que el efecto de la especie no se 

limita a la cantidad de producción de hojarasca o a la acumulación de carbono orgánico en 

el mantillo y suelo. Si no que trasciende hasta la composición química de los residuos 
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vegetales. Y que además con los cambios en la temperatura derivados de la altitud modulan 

la tasa de descomposición en el bosque templado del centro de México. 

En el capítulo dos se destaca la interacción entre la composición química de la materia 

orgánica y el metabolismo de la comunidad microbiana del mantillo y suelo a lo largo del 

gradiente altitudinal. La composición química de la hojarasca, raíces finas y mantillo del 

sistema de vegetación-suelo A. jorullensis tuvo una mayor proporción de compuestos Alkyl C 

(17 a 23%) y aromaticidad (11-53%), así como el mayor valor de T50Q (397-417 ºC) en el 

mantillo y suelo en comparación con P. hartwegii. Como consecuencia los valores de TER 

C:N y C:P del mantillo y suelo en el sistema A. jorullensis mostraron que la comunidad 

microbiana podría estar limitada por C. Lo que se relaciona con la alta concentración de 

Cmic en el mantillo y suelo (Cmic; 2.12 ± 0.36 y 2.68 ± 0.55 mg C g-1), así como, con la 

actividad enzimática involucrada en despolimerizar C lábil (BGL; 2.25 ± 0.36 µmol pNP g-1 h-

1,), N (NAG; 0.73 ± 0.15 - 0.07 ± 0.01µmol pNP g-1 h-1) y la respiración microbiana (DES; 277 

± 118 - 3322 ± 180 µg TPF g-1 d-1) en A. jorullensis con respecto a la comunidad microbiana 

en P. hartwegii. Por otro lado, el mantillo y suelo del sistema vegetación-suelo P. hartwegii 

dominaron los compuestos aromáticos asociados con la lignina (Alkyl C:Aryl C; 0.8 - 0.9). 

Además, los valores de TER C:N y TER C:P del mantillo de Pinus mostraron que la 

comunidad microbiana está co-limitada C:N y C:P, mientras que en el suelo está limitado por 

C. Lo que pudo haber estimulado la actividad de enzimática de POX (2.0 ± 0.5 µmol tyr g-1 h-

1) en P. hartwegii, debido a que esta enzima rompe los compuestos de N que están 

protegidos en las fibras de lignina y otros compuestos recalcitrantes.  

La interacción y la magnitud de los tres principales factores modeladores de la 

descomposición (clima, calidad de la materia orgánica y la comunidad microbiana) cambió a 

lo largo del gradiente altitudinal en el bosque templado del Centro de México. Por un lado, el 
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clima se modifica con respecto al gradiente altitudinal, lo que ha provocado a lo largo del 

tiempo que las especies arbóreas hayan adaptado sus tejidos con compuestos extra 

recalcitrantes para resistir el estrés hídrico como los compuestos Alkyl y recalcitrantes que 

toleren las heladas como la lignina. De tal forma que la composición química y la 

temperatura definen el metabolismo microbiano y como consecuencia los almacenes y 

disponibilidad de nutrientes en el mantillo y suelo de los tres sistemas de vegetación-suelo. 

 

Palabras clave. Actividad enzimática, bosques templados, carbono, gradiente altitudinal, 

nutrientes. 
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General abstract of the thesis  

Temperate mid-latitude forests are established along altitudinal gradients where 

temperature and precipitation influence the chemical composition of plant residues and the 

microbial community, modifying the decomposition of organic matter process and the 

dynamics of soil carbon and nutrients. The general objective of this research was to 

characterize how changes in the chemical composition of plant residues determine the 

dynamics of soil carbon and nutrients in an altitude gradient of a temperate forest in central 

Mexico. The particular objectives were: 1) to quantify the main carbon stores in three 

different vegetation-soil systems dominated by the tree species Alnus jorullensis, Abies 

religiosa, and Pinus hartwegii distributed in an elevation gradient in central Mexico; and 2) 

analyze the effect of the interaction of the quantity and quality of the organic matter derived 

from the dominant arboreal plant species and the microbial metabolism related to 

decomposition along an altitudinal gradient in a temperate highland forest in the center 

from Mexico. 

In this research, three temperate vegetation-soil systems were selected through an 

altitudinal gradient, in which the temperature decreases as the elevation increases and the 

dominant tree species changes with respect to altitude. In the lower altitude Alnus 

jorullensis (3100 to 3200 m asl) was chosen, in the middle altitude Abies religiosa (3500 to 

3700 m asl) and in the upper altitude Pinus hartwegii (3700 to 4000 m asl). In each 

vegetation-soil system, an area of approximately three hectares of forest was selected, and 

five plots of 50 × 50 m were established at random and separated at least 200 m between 

them. Leaf litter, mulch, fine roots and soil samples were collected to determine the 

concentration and stores of carbon and nutrients. They were then analyzed with ¿cross-

polarized, magic-angle twist?, solid-state 13C nuclear magnetic resonance imaging (13C 
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CPMAS NMR) and thermography to characterize the chemical composition and proportion 

of labile and recalcitrant carbon compounds. Finally, in litter and soil we analyzed total 

concentration of carbon, nitrogen and phosphorus (Ct, Nt and Pt), dissolved organic 

compounds (COD, NOD and POD), available (NH4+, NO3- and HPO42) and microbial biomass 

(Cmic, Nmic and Pmic). In addition, microbial respiration (CO2) for 14 days and the enzymatic 

activity related to carbon (DES, BGL, POX), nitrogen (NAG) and phosphorus (AP) were 

characterized. 

The first chapter emphasizes the effect of the species on the difference in the magnitude of 

airborne carbon pools, litter and soil through an altitudinal gradient (from here we take 

vegetation and soil as a single unit, naming each system with the name of the dominant tree 

species A. jorullensis, A. religiosa and Pinus hartwegii). The A. religiosa and A. jorullensis 

systems had the highest and lowest total carbon content at the ecosystem level (301 and 

228 Mg C ha-1, respectively). The vegetation-soil system of A. religiosa had the largest above-

ground biomass carbon store (216 ± 31 Mg C ha-1). The vegetation-soil system A. jorullensis 

had the highest production of litterfall (3.1 ± 0.08 Mg ha-1 yr-1); and the lowest carbon 

content in the litter (1.2 ± 0.32 Mg C ha-1). Therefore, the litter in the A. jorullensis system 

had markedly the shortest residence time (8 years-1), suggesting high rates of litter 

decomposition. While the soil carbon stock (at a depth of 1 m) was higher in A. jorullensis 

(189 Mg C ha-1) and P. hartwegii (137 Mg C ha-1) than in A. religiosa (68 Mg C ha-1). The 

above suggested that; the effect of the species is not limited to the amount of litterfall or the 

accumulation of organic carbon in the litter and soil. If not, it transcends even the chemical 

composition of plant residues. And that also with changes in temperature derived from 

altitude modulate the rate of decomposition in the temperate forest of central Mexico. 
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Chapter two features the interaction between the chemical composition of organic matter 

and the metabolism of the microbial community of the litter and soil along the altitudinal 

gradient. The chemical composition of the litterfall, fine roots and litter of the vegetation-

soil system A. jorullensis had a higher proportion of Alkyl C compounds (17 to 23%) and 

aromaticity (11-53%), as well as the highest value of T50Q (397-417 ºC) in the litter and soil 

compared to P. hartwegii. Therefore, the TER C: N and C: P values of the litter and soil in the 

A. jorullensis system showed that the microbial community could be limited by C. Which is 

related to the high concentration of Cmic in the litter and soil ( Cmic; 2.12 ± 0.36 and 2.68 ± 

0.55 mg C g-1), as well as, with the enzymatic activity involved in depolymerizing labile C 

(BGL; 2.25 ± 0.36 µmol pNP g-1 h-1), N (NAG; 0.73 ± 0.15 - 0.07 ± 0. 01µmol pNP g-1 h-1) and 

microbial respiration (DES; 277 ± 118 - 3322 ± 180 µg TPF g-1 d-1) in A. jorullensis with 

respect to the microbial community in P hartwegii. On the other hand, the litter and soil of 

the vegetation-soil system P. hartwegii dominated the aromatic compounds associated with 

lignin (Alkyl C: Aryl C; 0.8 - 0.9). In addition, the TER C: N and TER C: P values of Pinus litter 

showed that the microbial community is co-limited C: N and C: P, while in the soil it is 

limited by C. What could have stimulated the enzymatic activity of POX (2.0 ± 0.5 µmol tyr g-

1 h-1) in P. hartwegii, due to the fact that this enzyme breaks down the N compounds that are 

protected in lignin fibers and other recalcitrant compounds. 

The interaction and magnitude of the three main modeling factors of decomposition 

(climate, quality of organic matter and microbial community) changed along the altitudinal 

gradient in the temperate forest of Central Mexico. On the one hand, the climate is modified 

with respect to the altitudinal gradient, which has caused over time that tree species have 

adapted their tissues with extra recalcitrant compounds to resist water stress such as Alkyl 

and recalcitrant compounds that tolerate frost like lignin. In such a way that the chemical 
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composition and temperature define the microbial metabolism and consequently the stores 

and availability of nutrients in the mulch and soil of the three vegetation-soil systems. 

Keywords. Enzyme activity, temperate forests, carbon, altitudinal gradient, nutrients. 
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Introducción general de la tesis  

Los bosques templados se caracterizan por establecerse sobre gradientes altitudinales, 

donde los cambios de temperatura y precipitación promueven que una sola especie arbórea 

se establezca en grandes extensiones geográficas dentro de un intervalo altitudinal (Körner 

1999). Una de las principales incertidumbres sobre el ciclo del carbono (C) es entender 

cómo la interacción entre las especies vegetales y las diferencias de temperatura regulan los 

almacenes y flujos de C a través de los cambios en la elevación (Scowcroft et al. 2000; 

Becker et al. 2007; Körner 2007; De Deyn et al. 2008; Smith et al. 2009; Wang et al. 2018). 

Numerosos estudios han mostrado que los almacenes de carbono arbóreo aéreo 

disminuyen conforme incrementa la altitud (Liu et al. 2012). Debido a que las bajas 

temperaturas que se registran en las partes elevadas de los sistemas montañosos limitan los 

procesos fisiológicos responsables de la formación de tejido como la fotosíntesis, las tasas 

de respiración, la asignación de biomasa a las raíces y el crecimiento de los brotes (Körner 

1989, 2015). Además, el periodo de crecimiento arbóreo es menor en comparación con la 

vegetación de zonas menos elevadas (Splechtna et al. 2000; Briffa et al. 2004; Liang et al. 

2010; Takahashi et al. 2011). 

Por otra parte, la cantidad y calidad de los residuos vegetales que las especies regresan al 

suelo está mediada por las adaptaciones fisiológicas de la vegetación al clima (Zhang et al. 

2014) (Figura 1). Las diferencias en la fenología de la vegetación de los bosques templados 

previene el daño por congelación o deshidratación, ajustando el equilibrio entre la 

necesidad de escapar de los eventos de estrés y la necesidad de una estación de crecimiento 

suficientemente larga (Körner 2016). Por ejemplo, la vegetación perenne templada puede 

tener varias cohortes anuales de follaje como los pinos, mientras que la vegetación caduca, 

principalmente latifoliada, solo tiene una cohorte (Augusto et al. 2015). Asimismo, las 
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adaptaciones foliares también se relacionan con la composición química del tejido, por 

ejemplo, la síntesis de compuestos para protección y/o tolerancia al clima como las ceras y 

la lignina; y compuestos de reserva o estructurales como el almidón y la celulosa tienden a 

incrementar en ambientes de mayor estrés, reduciendo así la calidad química de la materia 

orgánica que retornan al suelo (Tharayil et al. 2011; Berg y McClaugherty 2014; Cesarano et 

al. 2016). Otro mecanismo fisiológico que regula la calidad química de los residuos 

orgánicos es la reabsorción de nutrientes de las hojas senescentes a las hojas verdes, al 

minimizar la pérdida de nutrientes como N y P se reduce la calidad química de la materia 

orgánica (Liu et al. 2004; Vergutz et al. 2012; Berg y McClaugherty 2014). Todas estas 

adaptaciones se reflejan en la calidad de la materia orgánica, y junto con la temperatura y la 

humedad, así como con la capacidad metabólica de la comunidad microbiana, modulan el 

proceso de descomposición a lo largo de los gradientes altitudinales (Prescott et al. 2000; 

Scowcroft et al. 2000; Cornwell et al. 2008) (Figura 1). 

El proceso de descomposición determina la dinámica de carbono y nutrientes del suelo 

(Prescott et al. 2000; Cornwell et al. 2008). Sin embargo, la magnitud del efecto de cada uno 

de los factores sobre el proceso de descomposición cambia con respecto a su disponibilidad 

(Cleveland et al. 2014). Esto es particularmente interesante en los bosques templados, 

donde a lo largo de gradientes altitudinales la disponibilidad de recursos cambia (Aerts 

1997; Prescott 2010; Augusto et al. 2015). Por ejemplo, la dominancia de una especie 

arbórea en intervalos altitudinales determina la composición química y/o calidad del 

mantillo y con esto se modifica la labilidad y disponibilidad de nutrientes, así como el flujo 

de energía para la comunidad microbiana (Prescott 2010; Heuck y Spohn 2016). La calidad 

química derivada de las especies vegetales se ha descrito como la resistencia de los 

compuestos orgánicos a ser despolimerizados por los microorganismos (Kleber 2010). Es 

decir, los componentes lábiles de la materia orgánica son los primeros recursos en ser 
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utilizados por los microorganismos (proteínas, aminoácidos, glucosa, almidón, celulosa y 

hemicelulosa), mientras que la lignina, los compuestos alifáticos y lípidos se conservan 

selectivamente (Almendros et al. 2000; von Lützow et al. 2008). 

Técnicas analíticas como la calorimetría diferencial de barrido (DSC), describen la 

estabilidad térmica de los compuestos orgánicos, o su resistencia a ser combustionados 

(Barros et al. 2011). Como resultado, a través de un gradiente de temperatura se distribuye 

la proporción de compuestos lábiles y recalcitrantes de la materia orgánica (Barros et al. 

2007 y 2011). Esta técnica destacó en investigaciones como las de Duguy y Rovira (2010) 

donde se caracterizó el efecto de incendios forestales sobre la composición química de la 

materia orgánica del suelo (MOS), así como en Rovira et al. (2008) donde se analizó el 

cambio de la calidad química en la materia orgánica con diferentes tiempos de 

descomposición. Por otro lado, la espectroscopia de resonancia magnética nuclear (RMN) 

de estado sólido 13C con polarización cruzada y giro del ángulo magnético (CPMAS), nos da 

la oportunidad de obtener información estructural puntual sobre la materia orgánica 

(Kögel-Knabner 1997). Bonanomi et al. (2017) destacan que las regiones C-alkyl, C-

methoxyl, O-alkyl y di-O-alkyl C (compuestos alifáticos y carbohidratos) del espectro son 

cruciales para entender los efectos de la materia orgánica sobre la dinámica de la 

comunidad microbiana. Por ejemplo, en las primeras etapas de la descomposción se 

relacionaron los compuestos de la región O-alkyl con la comunidad bacteriana y fúngica, 

mientras que en etapas avanzadas compuestos de las regiones recalcitrantes como C-alkyl y 

aromatic presentaron influencia sobre la proliferación de raíces en especies vegetales 

(Bonanomi et al. 2017). 

Lo anterior es interesante debido a que la comunidad microbiana modifica la disponibilidad 

de nutrientes C:N:P a través de sintetizar enzimas extracelulares (EE), las cuales 
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despolimerizan los compuestos orgánicos y vuelven disponibles los nutrientes para la 

vegetación y los propios microorganismos (Sinsabaugh et al. 2002) (Figura 1). La síntesis de 

enzimas requiere la inversión de nutrientes por parte de la comunidad microbiana hasta en 

una proporción 1:1:1 (C:N:P), lo que puede llegar a representar hasta el 2% del carbono 

asimilado en su biomasa (Sinsabaugh et al. 2008). Estudios diversos han observado que la 

comunidad microbiana puede invertir una mayor cantidad de recursos en la síntesis de EE 

que en su crecimiento, lo que significa una reducción del metabolismo microbiano 

(Sinsabaugh y Follsand 2011; Schimel y Weintraub 2003). Con respecto a esto, estudios 

como Tapia-Torres et al. (2015), Zhang et al. (2019) y Sinsabaugh y Follstad (2011), han 

utilizado el concepto de TER (relación del elemento umbral), el cual es la intersección de la 

teoría metabólica ecológica que describe la organización ecológica en términos 

termodinámicos, y la teoría estequiométrica ecológica que describe la organización 

ecológica en términos de disponibilidad de recursos elementales (Sterner y Elser 2002) 

(Figura 1). El TER define la razón de elementos en la que el crecimiento microbiano cambia 

entre la limitación de nutrientes (C:N o C:P) o la energía (representada por C) (Tapia-Torres 

et al. 2015; Sterner y Elser, 2002). Esto es relevante en los sistemas templados, debido a que 

el clima, la vegetación (calidad y cantidad de la materia orgánica) y las propiedades del 

suelo varían drásticamente en distancias cortas y a lo largo de gradientes altitudinales 

(Körner 1999). Lo que podría generar limitaciones en la disponibilidad de nutrientes para 

los microorganismos a los largo del gradiente altitudinal, y modificar el proceso de 

descomposición (Figura 1). Una mejor comprensión de la adquisición de nutrientes y las 

características metabólicas de la comunidad microbiana a lo largo de un gradiente 

ambiental ayudaría a dilucidar los mecanismos del ciclo del C, así como de otros nutrientes 

en los ecosistemas templados bajo situación de cambio climático. 
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Se espera que el calentamiento del clima lleve a un aumento en las tasas de descomposición, 

y como consecuencia, a un mayor flujo de dióxido de carbono a la atmósfera (Aerts 2006). 

Es probable que estos efectos se manifiesten más en los biomas fríos (sitios de alta latitud y 

gran altitud) porque ahí se ha predicho que el calentamiento será mayor, debido a que la 

descomposición en estas regiones está fuertemente limitada a la temperatura (Aerts 2006). 

Los bosques templados de México se encuentran comúnmente dentro de los cinturones 

montañosos y son el segundo ecosistema con mayor distribución a nivel nacional (17% del 

territorio nacional) (Challenger, 1998). Además, se ha reportado que los bosques templados 

de México son los ecosistemas más vulnerables al cambio climático debido a su restringida 

distribución geográfica en zonas altitudinales elevadas (Villers-Ruıź y Trejo-Vázquez 1998). 

Y para finales del siglo actual los climas adecuados para el establecimiento de los bosques 

templados, en particular los de coníferas situados en la Franja Volcánica Transversal 

Mexicana, se pueden reducir en un 92% para el 2090 (Sáenz-Romero et al. 2012).  

En particular, la región del Izta-Popo las temperaturas mínimas han aumentado durante los 

últimos 50 años en zonas del Nevado de Toluca y región Izta-Popo (Islas 2011). Mientras 

que la precipitación en las regiones montañosas está decreciendo en un uno por ciento, 

como consecuencia el contraste estacional en los ecosistemas templados disminuye y los 

glaciares de la zona se retraen comprometiendo los recursos hídricos (Islas 2011). Lo 

anterior sugiere que la composición de las poblaciones arbóreas de la región puede verse 

afectada por la disponibilidad de agua como consecuencia de las variaciones de 

temperatura. Y que la vulnerabilidad de la vegetación dependerá de la plasticidad 

fenotípica, de las estrategias y la capacidad de la vegetación para adaptarse a los nuevos 

regímenes climáticos (Esperón-Rodríguez y Barradas 2014). Podemos resumir dos 

estrategias de las especies, por un lado, pueden tolerar la sequía como el caso de Alnus sp. o 

migrar hacia sitios de establecimiento más elevados como se ha pronosticado para Abies y 
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Pinus (Sáenz-Romero et al. 2012; Estrada-Contreras et al. 2015). Esperón-Rodríguez y 

Barradas (2014) mencionan que los individuos de altitudes bajas serán más vulnerables a 

los cambios de temperatura en comparación con los árboles que se establecen en las partes 

medias y altas del gradiente altitudinal. En un modelo sobre vulnerabilidad de especies para 

Veracruz, Esperón-Rodríguez y Barradas (2014) mencionan que la especie latifoliada Alnus 

sp puede tolerar un incremento de 2ºC; sin embargo la especie presentaría estrés hídrico y 

sería vulnerable a los cambios ambientales (Esperón-Rodríguez y Barradas 2014). 

Asimismo, Allen et al. (2015) mencionan que la respuesta más probable ante el cambio 

climático de los bosques de la Franja Volcánica Transversal Mexicana es la muerte o la 

migración de las especies a zonas más elevadas. Una migración de 300-400m es necesitaría 

para compensar las predicciones climáticas para el año 2030 bajo el escenario A2 del IPCC; 

sin embargo, la tasa de migración es de cuatro metros cada diez años volviendo poco 

probable el avance altitudinal de las especies de altitudes medias como Abies religiosa 

(Sáenz-Romero et al. 2012; Sánchez-Salas et al. 2011). Pinus hartwegii se caracteriza por 

tener una mayor vulnerabilidad a la cavitación en comparación con especies de otras 

familias de coníferas debido a la altitud y la temperatura de establecimiento (Sáenz-Romero 

et al. 2013). A pesar de estas adaptaciones, la especie ha registrado una reducción de 10.6 % 

en su crecimiento relativo consecuencia del aumento de la temperatura en los últimos 100 

años establecimiento (Sáenz-Romero et al. 2013). Asimismo, debido al deshielo de los 

glaciares del volcán Iztaccíhuatl Pinus hartwegii incrementó en 200m su límite arbóreo 

superior en las últimas décadas, brindándole nuevas áreas para colonizar (Villers-Ruiz y 

Castañeda-Aguado 2013).  

Cada vez hay más interés sobre la importancia del legado de la vegetación en la modulación 

de los procesos ecosistémicos, sobre todo ante la posibilidad de una migración de especies 

como consecuencia de las variaciones climáticas (Carrillo et al. 2012). Y las diferencias 
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ambientales que se producen en cortas distancias en las regiones montañosas vuelven a los 

sistemas templados modelos de estudio ideales para evaluar los efectos del calentamiento 

global sobre los ciclos biogeoquímicos. La realización de experimentos en entornos 

naturales es una opción prometedora para realizar evaluaciones más realistas de cómo 

responderán los procesos biogeoquímicos al cambio climático y revelar efectos que no se 

pueden detectar fácilmente con experimentos en entornos controlados o artificiales (Tito et 

al. 2020; Ma y Chang 2019). Existe un número creciente de estudios que aprovechan los 

gradientes ambientales naturales, incluidos los latitudinales (Yang et al. 2019) y 

elevacionales (Nottingham et al. 2019) en estudios de cambio climático y biogeoquímica. No 

obstante que en el país se ha prestado atención al efecto del calentamiento global sobre el 

ciclo de carbono, las posibles modificaciones en la interacción planta-microorganismos-

clima ha sido poco explorada.  

Por lo anterior, la pregunta principal de esta investigación fue ¿Cuál es el efecto de la 

composición química de la materia orgánica de tres sistemas de vegetación-suelo 

contrastantes sobre el proceso de descomposición a través de un gradiente altitudinal en un 

bosque templado del centro de México?. Los objetivos particulares fueron: 1) cuantificar los 

principales almacenes de carbono en tres diferentes sistemas de vegetación-suelo 

dominados por las especies arbóreas Alnus jorullensis, Abies religiosa y Pinus hartwegii 

distribuidos en un gradiente de elevación en el centro de México; y 2) analizar el efecto de la 

interacción de la cantidad y calidad de la materia orgánica derivada de las especies 

vegetales arbóreas dominantes y el metabolismo microbiano relacionado con la 

descomposición a lo largo de un gradiente altitudinal en un bosque templado de tierras 

altas en el centro de México. 
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Figura 1. Diagrama conceptual que ilustra los principales factores moduladores del proceso 

de descomposición de la materia orgánica. La interacción del clima y la vegetación se da a 

varias escalas temporales, a corto plazo la interacción de la temperatura, la vegetación 

(calidad y cantidad de materia orgánica) y la comunidad microbiana son el principal factor 

modulador de la descomposición (Aerts 2006). A mediano y largo plazo, la temperatura 

modula la composición química de los residuos vegetales, así como la composición de la 

vegetación (Aerts 2006). Lo anterior en conjunto determina la dinámica del carbono y 

nutrientes en un ecosistema (Modificado de You et al. (2014).
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Abstract 

Vegetation-soil systems differentially influence the ecosystem processes related to the 

carbon cycle, particularly when one tree species is dominant over wide geographic regions 

that are undergoing climate change. The objective of this study was to quantify the stocks of 

ecosystem carbon in three vegetation-soil systems along a highland altitudinal gradient in 

central Mexico. The vegetation-soil systems, from lower to higher elevation, were 

dominated by Alnus jorullensis, Abies religiosa and Pinus hartwegii, respectively. Above and 

belowground tree biomass was determined in each system, along with the litter, coarse 

woody debris, roots and litterfall. The A. religiosa system had the greatest stock of 

aboveground biomass carbon (216 ± 31 Mg C ha-1). The A. jorullensis system had the 

greatest production of litterfall (3.1 ± 0.08 Mg ha-1 yr-1); however, the carbon content of this 

litter layer (1.2 ± 0.32 Mg C ha-1) was lower than of P. hartwegii (10.1 ± 0.28 Mg C ha-1). 

Thus, the litter layer in the A. jorullensis system had markedly the shortest residence time (8 

yr-1), suggesting high rates of litter decomposition. The soil carbon stock (at soil depth 1 m2) 

was greater in A. jorullensis (189 Mg C ha-1) and P. hartwegii (137 Mg C ha-1) than in A. 

religiosa (68 Mg C ha-1). The A. religiosa and A. jorullensis systems had the highest and 

lowest total ecosystem C content (301 and 228 Mg C ha-1, respectively). However, upward 

migration of the A. religiosa system in response to global climate change could cause losses 

by 2030 of 187 Mg C ha-1 associated with aboveground biomass. 

Key words: biomass and carbon stocks, altitudinal gradient, vegetation-soil systems, 

temperate forest. 
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1. Introduction 

The effect of plant species on ecosystem processes depends on their physiology, ecology 

and their interaction with climate and soil (Binkley 1995; Chapin FS et al. 2011; Augusto et 

al. 2015). Vegetation-soil systems represent the interactions between vegetation 

development and composition, soil properties and primary productivity that must be 

responsible for the shifts in litter quality and decomposability in forest ecosystems (Pernilla 

Brinkman et al. 2010; Augusto et al. 2015). In temperate highland vegetation-soil systems, 

altitudinal differences generate different types of forests, soils, climatological and 

meteorological conditions that regulate biogeochemical processes (Zhou et al. 2015). In 

several studies, the climate factors are considered as the main factor of ecosystems 

processes (Scowcroft et al. 2000; Cornwell et al. 2008; Berg et al. 2010), but other studies 

reported that vegetation characteristics are the main factor of litter decomposition (Zhang 

et al. 2008). For example, it has been suggested that 30% of the variation in litter 

decomposition rates is explained by temperature and precipitation, while about 70% of the 

variation in decomposition rates and nutrient dynamics is due to variables related to 

vegetation characteristics (Zhang et al. 2008). These modulate the processes that determine 

the structure and functioning of terrestrial ecosystems such as decomposition and nutrient 

dynamics (Vitousek 1982; Binkley 1995; Chapin FS et al. 2011; Vesterdal et al. 2013). In the 

temperate and boreal forests of Canada and USA functional differences in terms of the 

carbon cycle among species of evergreen gymnosperms (Abies, Pseudotsuga, Tsuga, Picea 

and Pinus) and deciduous angiosperms (Betula, Fagus and Quercus) have been widely 

studied (Vesterdal et al. 2013, Augusto et al. 2015). For example, it has been determined 

that the stock of carbon in the aboveground in the evergreen vegetation-soil systems 

(≈255.46 Mg C ha-1) is greater than the broadleaf systems in temperate ecosystems of 

medium latitudes (≈110.55 Mg C ha-1) (Galicia et al. 2018). Zhang et al. (2014) reported that 
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broadleaved deciduous soil-vegetation systems produced more litterfall than evergreen 

systems (600 and 470 g m-2 a-1, respectively). However, the magnitude of the stock is given 

by the balance between the carbon inputs by means of the plant residues and their output 

through the decomposition (Cornwell et al. 2008). 

On the other hand, Laganière et al. (2010), propose that in broadleaf systems the largest 

inflow of soil organic carbon (SOC) in the soil is derived from aboveground litter and its 

decomposition. In contrast, the SOC of the soils in the evergreen coniferous systems can be 

determined by the quantity and turnover of belowground litter, for example, the root 

biomass because the decomposition of the aboveground litter is very limited. This shows 

the strong role of plant species on the composition/balance/amount of organic material in 

the soil, and that the importance of soil’s C stabilization mechanisms may differ among 

systems (Sollins et al. 1996). The quantity and quality of the plant residues from the 

vegetation to the soil varies among systems. The litterfall of evergreen coniferous systems 

has a greater proportion of lignified tissue than that of the deciduous broadleaf systems 

(Kögel-Knabner 2002; Vergutz et al. 2012). The quantity and quality of the plant residues 

determine the decomposition rate of the organic material, while they also restrict or 

promote the accumulation of carbon in the litter layer of the system (Berg and 

McClaugherty 2014). However, as altitude increases the climate shifts toward more 

stressful conditions as lower mean temperatures, lower precipitation and higher solar 

radiation, thus, a shorter growing season influence negatively plant growth and organic 

matter decomposition (Körner 1999; Zhu et al. 2010). Therefore, the predictions of global 

climate change make it imperative to determine the functional role of plant species in terms 

of their contribution to carbon stocks within forest ecosystems (De Deyn et al. 2008).  
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This is particularly important for the highland forests of the tropical regions, which are 

highly vulnerable to climate change since their geographic distribution is restricted to 

altitudinal zones with specific ranges of temperature and rainfall (Solomon et al. 2007; 

Galicia et al. 2015). Indeed, it has been estimated that the area of temperate forests in 

Mexico could have diminished 92% by the year 2090 because of increased temperatures 

and soil water deficit conditions (Körner 1999; Allen et al. 2010; Sáenz-Romero et al. 2012; 

Esperón-Rodríguez and Barradas 2014). Modeling for central Mexico suggests that by 2030 

the vegetation-soil systems of evergreen coniferous forests will need to migrate by 

approximately 300-400 m above their current elevational range to ensure survival 

(Sánchez-Salas et al. 2011). In the central region of Mexico, the increase in temperature over 

recent decades has allowed Pinus hartwegii to become established 200 m higher than its 

previous upper limit (Torres 2013; Villers-Ruiz and Castañeda-Aguado 2013). Such changes 

in the distribution and mortality of temperate vegetation-soil systems could modify inputs 

of material and energy, thus altering ecosystem function, especially the carbon cycle; and 

ecosystem services such as climate regulation and carbon stock. There are few studies 

examining how the carbon cycle is influenced by temperate forests at elevations of >3000 m 

in tropical regions where the tree line can reach 4200 m a.s.l. (Chávez-Vergara et al. 2016, 

2018). The objective of the present study was therefore to quantify the carbon in the main 

ecosystem stocks of three different vegetation-soil systems dominated by Alnus jorullensis, 

Abies religiosa and Pinus hartwegii and distributed along an elevational gradient in central 

Mexico. It is expected that the two evergreens coniferous vegetation-soil systems will have a 

greater stock of C than will the deciduous broadleaf system, mainly within the biomass. It is 

also expected that the broadleaf system will have higher litterfall production with higher 

rates of litter decomposition. 
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2 Material and methods 

2.1. Study site 

The present study was conducted along an elevational gradient from 3100 to 4000 m a.s.l. 

in the Iztaccíhuatl-Popocatépetl National Park, which is situated on the Trans-Mexican 

Volcanic belt (Lauer 1978). As a consequence of the biogeography and geology of the study 

system, it is impossible to find all three species on the same altitudinal floor (2000 to 4000 

m a.s.l.). The Izta-Popo National Park is part of the Mexican Transverse Volcanic Belt, is a 

zone of transition and contact of Nearctic and Neotropical components and is considered 

one of the most diverse regions of the country due to the geological and ecological 

processes (Morrone 2010). The genera of the different biogeographic regions were the 

result of speciation processes in situ, adapted to the new micro-environments formed at 

higher and lower mountains positions. The formation of microclimates selected and 

influenced the distribution of functional traits of the species or communities in several 

altitudinal levels, for example, at higher elevation the Nearctic vegetation was established 

and in the lowlands the Neotropical vegetation types are well distributed (Challenger and 

Caballero 1998). The altitudinal distribution of dominant species in forests can be an ideal 

model to analyze the impacts of global warming on the distribution of species and changes 

in the carbon cycle. Three different vegetation-soil systems distributed along this elevation 

gradient were selected for study (Table 1): a) Alnus jorullensis (3100 to 3200 m a.s.l.), b) 

Abies religiosa (3500 to 3700 m a.s.l.) and c) Pinus hartwegii (3700 to 4000 m a.s.l). Species 

of the lower strata for the Alnus system are, Acaena elongate, Salix sp., Baccharts conferta, 

Eupatorium pazcuarense. In Abies they dominate Baccharis conferta, Salix paradoxa, Ribes 

ciliatum, Symphoricarpos microphyllus, Senecio angulifolius, Alchemilla procumbens y Acaena 

elongata are the dominant species. And for Pinus hartwegii, Muhlenbergia quadridentata is 
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the dominant species (Rzedowski et al. 2001; Villaseñor 2004; Sánchez-González et al. 

2005; Rzedowski 2006; Parque Nacional Izta-Popo Zoquiapan 2013). Mean annual 

temperature decreases with elevation, with a difference of 5 °C between the Alnus and Pinus 

systems. The Abies and Pinus systems have the highest and lowest mean annual 

precipitation, respectively, with a marked difference of 400 mm yr-1 between them. 

However, the rainfall has a seasonal pattern in all three systems, with 53% concentrated in 

the summer months (May-October) (Heil et al. 2003). The Lang index is lower in the Alnus 

system than in the others, suggesting a higher drought stress in the Alnus system (Villers-

Ruiz and Castañeda-Aguado 2013). The thickness of the litter layer increases with altitude, 

and there may be a difference of up to 8 cm between the vegetation-soil system Alnus 

jorullensis and Pinus hartwegii. The soils in all three systems are Andosols, but soil 

diagnostic properties (World reference base for soil resources 2006) and pH differ (Table 

1). Basal area and tree height are greater for Abies than for Alnus and Pinus systems (Table 

1). 

 

2.2 Experimental design 

In each of the three vegetation-soil systems, five 50 x 50 m plots were randomly established 

at distances of at least 200 m.  

 

2.2.1 Sampling of biomass and above- and belowground plant carbon 

Estimation of live aboveground tree biomass used allometric equations for each tree species 

reported in previous studies conducted in the forests of central Mexico (Table 2). For this, 
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the diameter breast height (dbh) and height of all of the live standing individuals > 2.5 cm 

diameter and > 1.3 m in height were measured in each plot (Mendoza-Ponce and Galicia 

2010) (Table 2). To determine the carbon concentration (mg g-1) in the stem, five trees were 

selected per plot that were healthy and without apparent damage, and two samples were 

obtained from each individual with a Pressler drill (44 mm / 16 '') to make a sample 

composed of a plot. Also, in these individual samples of live leaves (20 per arboreal 

individual) were collected, exposed to the sun, healthy and without apparent damage to 

make a sample composed of a plot. 

The biomass of the coarse woody debris (CWD) was estimated in two sub-plots of 5 x 5 m 

established in each of the plots, and the diameter and length of all the CWD > 2.5 cm in 

diameter and > 50 cm were measured of length to obtain the volume of each woody piece 

through the formula of the cylinder (Hansen et al. 2009). To determine the carbon 

concentration (mg g-1) in the CWD, a composite sample was made of all the residues 

collected per plot. 

 

V = [πh (R12 + R1R2 + R22)]/3   

where h is length and R1 and R2 are the diameters at the extremes of the cylindrical piece 

 

The estimation of the belowground biomass was made by two sampling methods. The first, 

characterizes the variation of the radical biomass with respect to the depth. In one of the 

five plots of each vegetation-soil system, a 1m3 pit was made, an area with the highest tree 

density and among adult trees selected. All the roots contained in three depths (0 to 20 cm, 
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20 to 50 cm and 50 to 100 cm) were collected. The second sampling was to characterize the 

spatial variance of the root biomass in three vegetation-soil systems. We established three 

50 m long transects randomly distributed in each of the five sampling plots, a soil sample of 

the first 30 cm depth was collected with a nucleator of 82 mm diameter every 10 m to 

obtain the radical biomass (n = 15 samples per system). In both sampling the roots were 

manually separated in thick (<2 mm) from the thick (> 2 mm) with 60 and 120 mesh sieves, 

dried at 60 ° C for 72 hours, weighed and reported as Mg ha-1. The contents of C were 

calculated by multiplying the mass by the concentration of C of each of the samples.  

The mass of the litter layer was determined by collecting the layer down to the first mineral 

soil horizon in three sub-plots of 25 x 25 cm distributed at random within each sampling 

plot (n = 15 per vegetation-soil system), making a distinction between the layer of recent 

deposition and the fermentation layer. The determination of the type of the aboveground 

litter was done according to Siebe et al. (1996). The samples were stored in paper bags 

inside black plastic bags for transport to the laboratory, where they were dried at 60 °C for 

72 hours and then weighed and ground in the Laboratory of Experimental Edaphology (IGg-

UNAM). To determine ash-free dry weight, an aliquot of 2 g was taken from each 25 X 25 cm 

subsample and incinerated at 600 °C for 4 h in a muffle furnace. The ashes were then 

weighed and the percentage in the aliquot weight was used to determine ash-free dry 

weight of litter layer samples. 

 

2.3 Determination of soil organic carbon 

In each vegetation-soil system, total organic carbon content was determined from the soil 

profiles 1 m deep. From each soil horizon, three undisturbed soil samples were taken with 
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an 82 mm core. These were placed in plastic bags and taken to the laboratory for 

determination of bulk density, texture and C concentration (Siebe et al. 1996). These 

samples were dried at 60 °C for 72 h and were ground prior to analysis. The mean C 

concentration of the three samples for each soil horizon was used to calculate the total soil 

C stock. This value of C concentration was multiplied by the thickness of the horizon and the 

bulk density (Siebe et al. 1996; Peña-Ramírez et al. 2009). Furthermore, in each plot of each 

vegetation-soil system, five 50 m transects were established and a soil sample was taken 

every 10 m from the first 30 cm of soil depth with an 82 mm diameter core in order to form 

a compound sample per transect (n = 5 per vegetation-soil system type). The samples were 

placed in black plastic bags and treated and analyzed in the same manner as the samples 

collected per horizon. 

 

2.4 Litterfall, decomposition constants and mean residence time of the aboveground 

litter 

Fourteen healthy and apparently undamaged adult trees of the target species were chosen 

in each vegetation-soil system. Litterfall traps of mesh size 0.50 cm were placed beneath the 

canopy of these trees, positioned at 1.30 m above ground level and at 1.5 m from each tree 

trunk. The litterfall deposited in the litter traps was collected monthly from January 2015 to 

January 2016. The litterfall samples were stored in paper bags until they were processed in 

the laboratory. The material was dried at 60 °C for 72 h and then weighed, with the mass 

expressed as Mg ha-1. 

The decomposition constant (k0) of the litter was determined from the mass balance 

equation of Olsen (1963): 
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k0 = A/F  

where A represents the annual litterfall production (Mg ha-1) and F is the biomass of the 

litter layer (Mg ha-1). The mean residence time (tR, years) was obtained from the inverse 

value of k0: 

 tR = F/A  

 

2.5 Chemical and physical analysis 

All C concentrations of leaf, litterfall, litter, roots and soils were conducted in a total carbon 

analyzer (UIC model CM5012, Chicago, USA). Total C was determined by combustion and 

coulometric detection (Huffman 1977). This value was assumed to represent the 

concentration of total organic carbon since these soils did not contain carbonates. Soil 

texture was determined by the standard pipette method and bulk density by the cylinder 

method (Flores Delgadillo and Alcalá Martínez 2010). 

 

2.6 Statistical analysis 

The total carbon content of the litterfall was analyzed by one-way analysis of variance that 

compared the three vegetation-soil systems (Alnus, Abies and Pinus). The C content of the 

plants and the plant residues were analyzed with a two-factors ANOVA: plant stocks (stems, 

branches, foliage, litter, coarse woody debris and roots) and the vegetation-soil systems 

(Alnus, Abies and Pinus). When the results of the analyses were significant, means were 

compared with a Tukey HSD test (p≤ 0.05). In addition, for each vegetation-soil system, a 
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Spearman correlation analysis was conducted among the C concentrations of the litter layer, 

coarse woody debris, roots and soil (30 cm depth) from the samples obtained from the 

transects in each site and the concentration of soil carbon (30 cm depth) and soil texture 

(30 cm depth). 

 

3. Results 

3.1 Biomass, decomposition rate and mean residence time of the plant residues 

Total biomass of A. religiosa was 2.5 times higher than P. hartwegii and five times higher 

than A. jorullensis (F = 3.7, p  0.02; Figure 1). The biomass of the litter represented 

between 2% and 8.8% of the total biomass and differed significantly among the systems, 

with the highest values in the Pinus system and the lowest in the Alnus system (F = 57.9, p  

0.001; Table 4). Fine root biomass made the lowest contribution to the total biomass 

(between 1.4% and 2.6%) but was higher in the Abies and Pinus systems (7.2 ± 1.4 and 5.8 ± 

0.6 Mg ha-1, respectively) than in that of Alnus (2.4 ± 0.4 Mg ha-1; F = 6.85, p  0.002). The 

aboveground:belowground biomass ratio was higher in Abies (47 ± 8.5) than in Alnus and 

Pinus systems (14 ± 2 and 20 ± 2; F = 16, p  0.001), while the aboveground:dead biomass 

ratio (coarse woody debris and litter layer) was lower in Alnus (1.4 ± 0.6) than in Abies and 

Pinus systems (8 ± 1.3 and 3 ± 0.4, respectively; F = 19, p  0.001).Annual litterfall was 1.5 

times greater in the system with the deciduous species (Alnus) than in the two systems with 

evergreen conifers (Pinus and Abies; F = 57.9, p  0.001; Table 3). The decomposition rate of 

the litter layer was one order of magnitude greater in the Alnus system than in the other 

two systems (Table 3). The mean residence time of the litter layer was therefore lower in 
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the Alnus system (8 yr) than in the two systems dominated by conifer species (93 and 105 

yr for Pinus and Abies, respectively; F = 5.80; p  0.01; Table 3). 

 

3.2 Carbon stocks in the vegetation-soil systems 

The concentration of C in foliage, branches and litter layer was significantly greater in the 

Pinus system than for Abies or Alnus (F = 997, p  0.001; F = 464.7, p  0.001 and F = 21.12, p 

 0.001, respectively), whereas the concentration of C in the coarse woody debris was 

significantly higher in the Alnus system (F = 9.06, p  0.001; Table 4). 

Carbon stocks were significantly affected by the interaction of the vegetation-soil system 

with the plant component (F = 133, p  0.0001, Table 4). The carbon stocks of the stems 

differed significantly among the three vegetation-soil systems, being highest in Abies, 

followed by Pinus and, finally, Alnus (F = 133, p  0.0001). Within systems, C stocks of the 

stems and litter layer in Alnus were significantly higher than that of the roots (F = 133, p  

0.0001). In the Abies system, the C stock of the stems was significantly greater than the 

other components (F = 133, p  0.0001, Figure 3). In the Pinus system, the stem C stock was 

significantly greater than in the roots (F = 133, p  0.0001, Table 4). 

The SOC content at 30 cm depth was greater in the Pinus system than in the other two (F = 

88.1, p  0.0001, Table 5). In the Alnus system, the SOC in the top 30 cm of soil correlated 

positively with the biomass of total woody coarse debris residues (r2 = 0.49; p = 0.03) and 

with the percentage of silt (r2 = 0.82; p = 0.03). In contrast, in the Abies system the SOC stock 

correlated positively with the biomass (r2 = 0.68; p = 00.04) and carbon concentration of the 

fine roots (r2 = 0.47, p = 0.04). 
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The SOC stock at 1 m soil depth were greater in the Alnus and Pinus systems (189 and 137 

Mg C ha-1, respectively) than in that of Abies (68 Mg C ha-1). In the Alnus and Pinus systems, 

the SOC stock decreased abruptly from the first horizon to the deeper horizons, whereas the 

SOC was distributed relatively evenly among horizons in the Abies system (Table 7). Silt 

dominated the top 30 cm of soil in the Alnus system, while sands dominated these horizons 

of the Abies and Pinus systems (Table 5). 

The Abies system had ≈30% more total ecosystem C content (301 ± 24 Mg C ha-1) than the 

Alnus system (228 ± 26 Mg C ha-1), with values in the Pinus system being intermediate (244 

± 18 Mg C ha-1). The proportions of carbon in the aboveground, forest floor, belowground 

and soil components differed among the three systems (Figure 2). In the Abies system, 72% 

of the ecosystem C was contained in the aboveground biomass, whereas in the Alnus and 

Pinus systems the SOC content contributed the most (83% and 56%, respectively; Figure 2). 

 

4 Discussions 

4.1 Carbon stocks in above- and belowground biomass 

In this study, the two-evergreen coniferous vegetation-soil systems (Abies and Pinus) had 

higher stocks of above and belowground biomass carbon than did the broadleaf vegetation-

soil system (Alnus), as reported for temperate and boreal forests of Canada and USA (Vogt 

1991; Augusto et al. 2015). Because the ages of the Abies and Pinus systems are relatively 

similar (125 and 160 years respectively), their higher aboveground biomass is attributed to 

higher growth rate (Jasso-Flores 2014; Augusto et al. 2015). For example, A. religiosa has 

wider growth rings (3.41 ± 0.24 mm) and high dbh (34 cm) than P. hartwegii (1.63 ± 0.15 
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mm; 23 cm, respectively); which suggests that A. religiosa has a high growth rate (Jasso-

Flores 2014). The two-evergreen coniferous vegetation-soil systems (A. religiosa and P. 

hartwegii) reported the highest above-ground and below-ground biomass stocks compared 

to the broadleaf vegetation-soil systems (A. jorullensis). Similarly, Liang et al. (2010) 

reported growth rings of 4.2 mm wide (at 3600 m a.sl) and 3 mm (at 3800 m a.sl) in A. 

georgei var. smithii. In contrast, the slower growth of P. hartwegii can be attributed to low 

temperatures, which favor a greater allocation of resources for the maintenance of 

metabolic function than for growth and tissue production (Hoch and Körner 2003). This 

pattern of narrower growth rings in P. hartwegii is consistent among the main mountains of 

Mexico and is related to the local low temperatures (Gómez-Guerrero et al. 2013). 

Unfortunately, we have no data regarding growth ring width for A. jorullensis in our study 

site, but its phenology suggests that this species is growing under greater drought stress 

than the two-coniferous vegetation-soil systems. In Nepal and Iran, Alnus sp. systems 

represent a reservoir of forest carbon, with arboreal carbon stocks similar to those reported 

in this study (21 – 30 Mg C ha-1) (Dahal et al. 2013; Haghdoost et al. 2013). In addition to 

their probable lower growth rate, species of this genus store resources in the form of non-

structural carbon in order to tolerate biotic and abiotic stress factors after the leaves are 

fallen, and to generate new foliar tissue without favoring accumulation of carbon in the 

stems (Fajardo et al. 2012). In the present study site, an altitudinal advance of two arboreal 

species has been registered; García García (2000) and Torres (2013) have reported the 

progress of A. religiosa and P. hartwegii. Likewise, it has been observed that the altitudinal 

limits of Quercus robur, Ulmus glabra, Acer platanoides, Alnus glutinosa and Betula pendula, 

have had an advance of 500 - 800 m above their historical establishment limit (Kullman 

2008; Grabherr et al. 2010). Finally, the resistance to drought stress shown by A. jorullensis 
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in the present study could favor its spread above its current elevation range in response to 

global climate change. 

 

4.2 Input and permanence of forest floor carbon stocks 

Litterfall production and decomposition are key processes that determine the carbon cycle 

in forest ecosystems. The litterfall production values of the Alnus system in the present 

study (3.1 Mg ha-1 yr-1) are similar to those of other species of Alnus and of deciduous 

systems of Quercus. However, in northwestern Mexico litterfall production in the evergreen 

coniferous systems is only one-half (1.3 Mg ha-1 yr-1) of that of the deciduous systems 

(Pérez-Suárez et al. 2009) and one-half of those of the Abies and Pinus systems examined in 

this study (1.4 and 1.9 Mg ha-1 yr-1, respectively). The phenology of the dominant plant 

species determines the amount and chemical composition of the plant residues of this flow 

among evergreen coniferous and deciduous broadleaf species (Augusto et al. 2015). 

Zavitkovski and Newton (1971) report that the production of litterfall of Alnus rubra is 2 Mg 

ha-1 yr-1, this being within the ranges reported for Quercus potosina (3 Mg ha-1 yr-1) in a 

northwestern region of Mexico (Pérez-Suárez et al. 2009). This supports the contention that 

deciduous broadleaf soil-vegetation systems produce more litterfall than evergreen 

coniferous systems (Zhang et al. 2014). However, the input of plant residues does not 

explain the accumulation of carbon in the litter layer of the systems. In our research, 

evergreen coniferous soil-vegetation systems had the largest aboveground litter mass and C 

stock of the aboveground litter layer than in the deciduous broadleaf system. This pattern is 

consistent with that reported by Gao et al. (2014) for a temperate forest northwest of China. 

As well as by Vogt et al. (1986) at a global level, report that the evergreen coniferous 
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systems can maintain up to 70% more carbon in the aboveground litter than the broadleaf 

systems. Accumulation of carbon on the forest floor depends on the decomposition rate and 

the mean residence time of the plant residues (Berg and McClaugherty 2014). In the present 

study site, the TMR of the carbon storage in the aboveground litter of the evergreen 

coniferous systems is higher than in the broadleaf systems, suggesting a low decomposition 

rate of the pine species. Zhang et al. (2008) has reported that the decomposition rate of 

perennial systems is slower (3.9 yr-1) than the broadleaf deciduous systems (7.9 yr-1). 

As we expected, the evergreen coniferous vegetation-soil systems had higher total 

ecosystem C stock than the broadleaf system, mainly within biomass. The Abies system had 

the highest amount (301 Mg C ha-1), concentrating 72% of the total within aboveground 

biomass, and the Alnus system had the lowest amount (228 Mg C ha-1) with 83% 

concentrated within the soil profile. These results suggest that the ecosystem C stock of the 

Abies system is more vulnerable to human disturbances (deforestation, fires, etc.) and the 

effects of global climate change than is the Alnus system, because the ecosystem C content is 

concentrated in the aboveground stocks biomass (García-Oliva et al. 2006). However, with 

evergreen systems, the organic matter is accumulated at the forest floor, due the degree of 

protection of C is less for the litter and hence vulnerable to loss by external disturbances 

(fire, erosion, etc.), compared to C incorporate directly in the mineral soil and in interaction 

with mineral surfaces or protected by aggregates (Sollins et al. 1996). For example, 

Sánchez-Salas et al. (2011) expected that the coniferous vegetation-soil systems would 

migrate by approximately 300 - 400 m above their current elevation range in Central 

Mexico by 2030. Therefore, the Abies system would be replaced by the Alnus system, losing 

187 Mg C ha-1 associated with the aboveground biomass C content, representing a 62% 

reduction in the ecosystem C pool. In the long term, however, shifts in vegetation-soil 
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systems distributions, particularly in terms of the predominant plant functional types or 

growth forms, may also result in overall shifts in litter quality and decomposability. 

 

5. Conclusions  

The greatest stock of aboveground biomass carbon was in the Abies system, owing to the 

higher growth rate as indicated by the widths of the growth rings. In the Alnus system, the 

magnitude of the input of plant residues was inversely related to the carbon stock on the 

forest floor due to the decomposition of the aboveground litter layer. The chemical 

composition of the plant residues in the systems determined the decomposition constant 

and the mean residence time of the litter layer. The highest proportion of soil organic 

carbon (SOC) was found in the first soil horizon in the systems of Alnus and Pinus. Changes 

in species distribution as a result of climatic change could modify the input of organic 

material as well as the mechanisms that determine concentrations of SOC. For this reason, 

understanding the effect of vegetation-soil systems on the carbon cycle along highland 

elevational gradients requires characterization of the processes that control the SOC 

(decomposition of the litter, microbial activity and soil fauna dynamics and composition). 
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Figures and tables  

 

Figure 1. Biomass stocks of three vegetation-soil systems of temperate forest, Mexico. The 

forest floor stocks include litter and coarse woody residues. Different letters between 

vegetation-soil systems within each stock indicate significant differences (Tukey HDS test 

p≤ 0.05).  
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Figure 2. Relative contribution of parts of the vegetation-soil system to the total C content: 

above and belowground tree carbon, forest floor (litter and coarse woody residues) and soil 

organic carbon (1m2). The numbers within the bars indicate the percentage of the total C 

within that vegetation-soil system. 
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Table 1. Environmental and vegetation characteristics of three vegetation-soil systems on an 

altitudinal gradient in a temperate forest in central Mexico. Lang Index calculated as 

MAP/MAT. 

 Alnus jorullensis Abies religiosa Pinus hartwegii 

 3100 m a.s.l. 3500 m a.s.l. 3700 m a.s.l. 

  Climate  

MAT (ºC) 10 7.5 5 

MAP (mm) 1100 1300 <900 

Lang Index1 110 173 180 

 Litter layer characteristics 

Type moder moder moder 

Depth (cm) 2 5-7 5-10 

Cover (%) 100 100 100 

 Soil characteristics (0-30 cm) 

Edaphic clasification 

(WRB 2006) 

silandic Andosol vitric Andosol vilandic Andosol 

Bulk density (g cm3) 0.69 0.67 0.64 

pH  6.07 6.20 4.33 

Texture Silty clay loam Sandy loam Sandy loam 

 Tree characteristics 

Phenology Deciduous Evergreen Evergreen 

Tree density (tree ha-1) 284.8 ± 51.4 a 245.6 ± 34 a 226.4 ± 19.2 a 

Tree basal area (m2 ha-1) 11.8 ± 0.80 a 30.9 ± 0.80 b 17.9 ± 2.5 a 

d.b.h (cm) 20 ± 0.4 c 34 ± 1 a 23 ± 1 b 

Height (m) 10.4 ± 0.74 a 23.1 ± 1.95 b 15 ± 0.9 a 

Tree dominance (%)  90% 100% 100% 

MAP, Mean annual precipitation; MAT, mean annual temperature, 1 Villers-Ruiz and 

Castañeda-Aguado (2013).  
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Table 2. Allometric equations to estimate aboveground tree biomass for the three vegetation-

soil systems of highlands temperate forest, Mexico. Shown: Equations, diameter used to 

estimate tree biomass for the published equation, and locality at which the equations were 

developed.   

Alnus jorullensis 1 𝑌 = 0.0195 (d. b. h)2.7519 

d.b.h 11-30 cm   

Texcoco 

Abies religiosa 2 𝑌 = 0.0713 (d. b. h)2.5104 

d.b.h 10-79 cm 

Tlaxcala 

Pinus hartwegii 3 𝑌 = 0.0635 (d. b. h)2.472 

d.b.h 3-58 cm 

Parque Nacional Izta-Popo, Zoquiapan y Anexo 

Source: 1Carrillo Anzúres et al. (2014); 2Avendaño et al. (2009); 3Rojas-García et al. (2015) 
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Table 3. Litter biomass, litterfall rate, decomposition litter rate (k) and mean residence time 

(MRT) of three vegetation-soil systems of highlands temperate forest, Mexico. Different letters 

indicate that means are significantly different among the systems (Tukey HDS test p≤ 0.05).  

 Litter 

(Mg ha-1) 

Litterfall 

(Mg ha-1 yr-1) 

k litter  

(yr-1) 

MRT 

(Year) 

Alnus 

jorullensis 2.5 ± 0.3c 3.1 ± 0.08a 0.12 ± 0.04a 8 ± 10b 

Abies religiosa 13.1 ± 0.7b  1.4 ± 0.03b 0.01 ± 0b 93 ± 17a 

Pinus hartwegii 20.1 ± 0.3a  1.9 ± 0.02b 0.01 ± 0b 105 ± 46a 
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Table 4. Carbon concentration and carbon contents in vegetation components in the three vegetation-soil systems of highlands 

temperate forest, Mexico. Different uppercase letters indicate significant differences among the systems; different lowercase letters 

indicate differences among the components within each vegetation-soil system (Tukey HDS test; p≤ 0.05). 

 Carbon concentration (mg g-1) Carbon contents (Mg C ha-1) 

 
Alnus jorullensis Abies religiosa Pinus hartwegii 

Alnus 

jorullensis 

Abies 

religiosa 

Pinus 

hartwegii 

Shoot 463.4 ± 1.27A 465.3 ± 6.51A 485.3 ± 7.41A 18.6 ± 0.003Ca 181 ± 0.025Aa 57.4 ± 0.011Ba 

Stem 460 ± 1B 455.5 ± 5.54C 490 ± 6.73A 6.1 ± 0.001Aab 15.4 ± 0.002Ab 20.9 ± 0.004Abc 

Foliage 406.9 ± 1.1B 401.9 ± 3.95B 469.7 ± 1.11A 2.9 ± 0Aab 16.6 ± 0.002Ab 9.3 ± 0.002Ac 

Coarse woody debris 511.4 ± 3.51A 481.1 ± 7.53B 501.9 ± 5.01AB 8.9 ± 8Abc 12.5 ± 2.7Ab 10.5 ± 4.4Ac 

Litter 418.8 ± 8.70B 378.6 ± 8.63C 452 ± 6.22A 1.6 ± 0.13Ca 5 ± 0.26Bb 7.6 ± 0.10Ac 

Root 406.6 ± 3.01A 385.5 ± 12.5A 378.9 ± 20.9A 1 ± 0.14Ac 2.9 ± 0.58Ab 2.2 ± 0.22Adc 
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Table 5. Soil characteristics of the top 30 cm in the in the three vegetation-soil systems of 

highlands temperate forest, Mexico. Different letters indicate that means are significantly 

different among the systems (Tukey HDS test p≤ 0.05).  

 Texture 

(%) 

C (mg g-1) 

(1 m) 

SOC (Mg C ha-1) 

(30 cm) 

 Sand Silt Clay   

Alnus jorullensis 22 ± 0.2 55 ± 0.3 24 ± 0.1 69.7 ± 1.63 b 82.08 ± 1.92b 

Abies religiosa 64 ± 0.4 32 ± 0.3 4 ± 0.2 

79.9 ± 9.18 

ab 91.6 ± 10.53b 

Pinus hartwegii 64 ± 0.1 30 ± 0.3 6 ± 0.1 94.1 ± 1.8 a 101.7 ± 1.96a 
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Table 6. Soil characteristics for the horizons in the three vegetation-soil systems of highlands 

temperate forest, Mexico. 

 Horizon 

(WRB, 2006) 

Depth  

(cm) 

Bulk density 

(g cm3) 

Carbon 

concentration 

(mg g-1) 

Soil organic C 

content 

(Mg C ha-1) 

%SOC* 

Alnus 

jorullensis Ah 0-17 0.69 ± 0.01 98.4 ± 3.9 115.41 ± 2.17 61 ± 2 

 AB 17-23 0.99 ± 0.01 20.2 ± 0.9 11.89 ± 0.18 6 ± 0.2 

 Bw1 23-47 0.87 ± 0.04 10.7 ± 0.2 22.44 ± 1.03 11 ± 1 

 Bw2 47-60 0.85 ± 0.02 10 ± 0.2 11.09 ± 0.36 6 ± 0.3 

 BC 60-100 0.87 ± 0.02 8.3 ± 0 28.83 ± 0.98 15 ± 1 

Abies 

religiosa Ah1 0-9 0.67 ± 0.04 42.2 ± 8.6 25.52 ± 1.78 32 ± 2 

 Ah2 9-32 1 ± 0.04 9.1 ± 0.3 21.82 ± 0.89 27 ± 0.9 

 2Cw1 32-58 1 ± 0.1 4.1 ± 0.1 11.37 ± 0.15 14 ± 0.1 

 Cw2 58-100 1 ± 0.04 4.8 ± 0.3 20.61 ± 0.92 26 ± 0.4 

Pinus 

hartwegii Ah 0-10 0.64 ± 0.07 90.5 ± 4 57.42 ± 6.80 37 ± 7 

 C 10-17 0.95 ± 0.03 6.2 ± 1.1 4.09 ± 0.14 2 ± 0.13 

 1AC 17-39 1.08 ± 0.02 10.1 ± 0.7 24.24 ± 0.51 15 ± 0.5 

 2AC 39-73 1.06 ± 0.01 9.6 ± 0 34.99 ± 0.45 23 ±0.4 

 3Ah 73-100 0.93 ± 0.01 12.7 ± 2.1 31.98 ± 0.39 21 ± 0.2 

* Relative contribution of soil organic carbon (SOC) to 1 m depth in the soil profile in the vegetation-

soil systems 
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Abstract 

The highland forests of tropical regions are highly vulnerable to climate change because of 

increased soil water deficit conditions through rising temperatures. Several authors have reported 

that labile molecules dominate soil organic matter (SOM) at higher elevations, and it is therefore 

more vulnerable to the rising temperatures associated with climate change. The objective of the 

present study was to analyze the effect of interaction between the chemical composition of organic 

matter derived from the dominant plant species and the metabolism of the forest floor (organic 

layer and mineral soil) microbial community along an elevational gradient in a highland forest in 

Central Mexico. The study compared three vegetation-soil systems that represent three different 

elevational levels: Alnus-system (3100 m.a.s.l.), Abies-system (3500 m.a.s.l.) and Pinus-system (3700 

m.a.s.l.). The SOM produced in the lowest site is more recalcitrant (i.e., higher Alkyl:O-Alkyl ratio) as 

a result of the lower water availability than in the highest site. The results of Threshold Elemental 

RatioC:N (TERC:N) and TERC:P for the organic layer were lower than their C:N and C:P ratios in the 

organic layer, supporting that the microbial community of the organic layer in the site of lowest 

elevation must be limited by the carbon source, rather than by N and P. However, these results were 

not found in the mineral soil, suggesting that the drivers of organic matter decomposition differ 

between the organic layer and the mineral soil. As a conclusion, our results suggest that the 

chemical recalcitrance of organic matter (at the lowest site) and temperature (at the highest site) 

reduce the microbial metabolic activity in the forest floor. Integrated study of plant-derived organic 

material and the microbial metabolism of the forest floor is therefore required to achieve a full 

understanding of the vulnerability of tropical mountain ecosystems to climate change.  

Key words: chemical composition of organic matter, microbial metabolism, Threshold Elemental 

Ratio, temperature rise, Mexico.  
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1. Introduction 

Several authors have reported the high vulnerability of highland forests of the tropical regions to 

climate change, due to increased soil water deficit conditions as a result of rising temperatures, 

among other factors (Solomon et al., 2007; Allen et al., 2010; Sáenz-Romero et al., 2012). Soil 

organic matter decomposition can be accelerated by climate warming, since it has been assumed 

that temperature is the main factor that controls decomposition rate (Davidson and Janssens, 2006). 

For example, for a Tibetan alpine ecosystem, Cui et al. (2019) reported that microbial metabolism is 

most constrained at higher elevations (<3200 m) with low temperatures than at lower elevations 

(2800 m) with warmer temperatures, and SOM decomposition therefore decreases with elevation. 

Together with the metabolism of soil microbial communities, which controls enzyme-catalyzed 

processes ( Davidson and Janssens, 2006; Blagodatskaya et al., 2016; Cui et al., 2019), some authors 

have recently proposed that SOM decomposition is also affected by other factors controlled by plant 

community composition, such as the quantity and chemical characteristics of the organic matter 

(Kögel-Knabner, 2002; Bonanomi et al., 2013). These two factors can be coupled in combination 

with temperature and can modify the decomposition of organic matter along elevational gradients 

in highland forests of tropical regions (Nottingham et al., 2015; Zhou et al., 2015; He et al., 2016). 

For example, plant species produce a higher proportion of waxes and lipids in order to cope with 

water stress in sites at lower elevations with warmer conditions (Dodd and Poveda, 2003). 

Similarly, fine roots and the forest floor were found to have a higher proportion of recalcitrant 

molecules, such as alkyl compounds (i.e. lipids, cutin and suberin), in a semi-arid site than in a 

subhumid site in a tropical dry forest in Mexico (Campo and Merino, 2016), and other molecules 

such as tannins and other polyphenols can be increased in warmer and drier conditions (Tharayil et 

al., 2011). These compounds have been reported in drought-adapted plants (Boom et al., 2005) and 

play a limiting role in the decomposition process (Tharayil et al., 2011). Therefore, plants in sites 

with higher water-stress conditions promote the accumulation of complex molecules within their 
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tissues in order to improve their drought tolerance (Campo and Merino, 2016). This increase in the 

proportion of complex molecules has also been reported along elevational gradients in sites with 

warmer temperatures (lower elevation) compared to those with colder temperatures (higher 

elevation). For example, Zimmermann et al. (2012) reported that the proportion of alkyl compounds 

decreased with elevation along a 3000 m tropical forest transect.  

The quantity and chemical characteristics of the organic matter control it’s decomposition, but the 

metabolism of the soil microbial community also plays a key role in the process, since the SOM 

represents the main source of energy, carbon and nutrients for heterotrophic microorganisms 

(Davidson and Janssens, 2006; Nottingham et al., 2015; Blagodatskaya et al., 2016; Nottingham et 

al., 2016). Synthesis of extracellular enzymes by the microbial community responds to nutrient 

shortages for the microbial community of the organic layer (Rillig et al., 2007; Sinsabaugh et al., 

2009). For example, in conditions of low nutrient availability, the microbial community invests less 

energy in biomass growth and more in the production of extracellular enzymes with which to 

acquire the scarce nutrients (Schimel et al., 2007). In order to measure this condition, Sterner and 

Elser (2002) proposed the threshold elemental ratio (TER) as a tool for evaluating the limiting 

factors for the microbial community. The TER defines the element ratio at which microbial growth 

shifts from energy limitation (represented by C) to nutrient limitation (represented by N and P). 

Where the C:N or C:P ratios of organic sources for the microbial community exceed the respective 

TER, this suggests that the microbial community is co-limited by either C-N or C-P (Sterner & Elser, 

2002; Tapia-Torres et al., 2015; Ostertag and DiManno, 2016; Augusto et al., 2017). A microbial 

community that invests more energy in nutrient acquisition than in population growth, in order to 

maintain its C:N:P ratio, is considered homeostatic (Sterner and Elser, 2002).  

Despite the importance of enzymatic catalysis, it has been observed that the activities of 

extracellular enzymes are affected by different factors that alter their structural integrity and 

activation energy needed for an efficient catalytic activity, as pH and temperature, respectively 
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(Baldrian, 2009). Particularly related to temperature effect, different authors have reported that the 

activity of extracellular enzymes is restricted at low temperatures (e.g., at high elevations), 

decreasing the incidence of depolymerization and, thus, reducing the release of monomers 

(Blagodatskaya et al., 2016; Nottingham et al., 2016; Siles et al., 2017; Cui et al., 2019). In contrast, 

warmer sites (e.g., at low elevations) promote such extracellular activity (Blagodatskaya et al., 

2016). However, the interaction of the chemical characteristics of plant-derived material and 

extracellular enzyme-catalyzed processes plays an important role in SOM decomposition by 

increasing the availability of both energy and substrates. For example, the microbial community 

must invest more energy in extracellular enzyme production in order to cleave recalcitrant organic 

compounds (Allison et al., 2014; Chávez-Vergara et al., 2018) than is produced by the plant species 

under water stress conditions (low elevation; Dodd and Poveda, 2003). In this latter condition, the 

soil microbial community can be C limited, rather than N or P limited (Tapia-Torres et al., 2015; 

Montiel-González et al., 2017).  

Factors that control the decomposition processes along a highland forest elevational gradient 

include the interactions among organic matter quality, microbial metabolisms and climatic variables 

(Djukic et al., 2010; Nottingham et al., 2015). Study of the relative importance of these factors along 

the elevational gradient is critical for the construction of scenarios regarding the organic matter 

decomposition and energy flow of these ecosystems, considering the projected effects of climate 

change. In this context, some studies have analyzed the effect of temperature on microbial growth 

and extracellular enzyme activity (Nottingham et al., 2015; Blagodatskaya et al., 2016; Nottingham 

et al., 2016; Cui et al., 2019;  Nottingham et al., 2019), and the effect of temperature on soil organic 

matter decomposition (Giardina et al., 2014; Zimmermann et al., 2012) along an elevational 

gradient. However, to date, there has never been an integral analysis of the effects of temperature 

on the chemical characteristics of organic matter, microbial metabolisms (enzymatic activities), and 

their interaction, along a forest elevational gradient.  
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The objective of the present study was therefore to analyze the effect of the interaction between the 

chemical composition of organic matter derived from the dominant plant species and the 

metabolism of the microbial community of the forest floor (organic layer and mineral soil), along an 

elevational gradient in a highland forest of central Mexico. The study was conducted in the 

Iztaccíhuatl-Popocatépetl National Park, comparing three vegetation-soil systems that represented 

three elevational levels: Alnus jorullensis (3100 m.a.s.l.), Abies religiosa (3500 m.a.s.l.) and Pinus 

hartwegii (3700 m.a.s.l.). Although the differences in elevation among these sites are relatively 

narrow, mean air temperature decreased by 5°C from the lowest to the highest site, and the lowest 

site presents lower water availability than the highest site (Jasso-Flores et al., 2019). We 

hypothesized that: a) the organic matter (litterfall and roots) produced by the plant community in 

the lowest site will be more recalcitrant because the plant species have to cope with water stress, 

and b) consequently, the forest floor microbial community in the lowest site will be limited by 

energy, rather than by N and P, because it must invest more energy in the depolymerization of these 

recalcitrant molecules.  

 

2. Methods 

2.1. Study site 

The study was conducted in the Iztaccíhuatl-Popocatépetl National Park in the Trans-Mexican 

Volcanic Belt in central Mexico. Three vegetation-soil systems were selected along an elevational 

gradient (Jasso-Flores et al., 2019). The lowest site (3100 m.a.s.l.) is dominated by Alnus jorullensis 

Kunth (Alnus-system), while the middle site (3500 m.a.s.l.) presents Abies religiosa (Kunth) Schltdl. 

& Cham. as the dominant tree species (Abies-system) and the Pinus-systems of the highest site 

(3700 m.a.s.l.) are dominated by Pinus hartwegii Lindl. Mean average annual temperature decreases 

with elevation (10 °C and 5 °C for the lowest and highest sites, respectively; Jasso-Flores et al., 



 
 

67 

2019), while the Lang aridity index increases (110 and 180 for the lower and higher sites, 

respectively; Jasso-Flores et al., 2019), meaning that the lowest site is drier than the highest site. 

Moreover, the soils in the three sites belong to the group of Andosols, but each with different 

physical and chemical properties (Jasso-Flores et al., 2019). Accumulation of plant residues in the 

soil organic layer and soil organic carbon both increase at higher elevations, because the resident 

time of organic layer increases considerably with elevation (Jasso-Flores et al., 2019). 

 

2.2. Sampling design 

In an area of approximately three hectares of forest, five sampling plots of 50 x 50 m were randomly 

established at a distance of at least 200 m apart, in each of the three studied vegetation-soil systems 

(Jasso-Flores et al., 2019). In total, fourteen circular litterfall traps of 0.5 cm in diameter were placed 

under adult trees for monthly collection over a period of 12 months (January 2015 to January 

2016). The mass of the organic layer was determined by collecting all organic material overlying the 

mineral soil from three sub-plots of 25 x 25 cm distributed at random within each sampling plot, 

from which one compound sample was produced per sampling plot (n = 5 per vegetation-soil 

system). The fresh samples were stored in black plastic bags at 4 °C until subsequent laboratory 

analysis. Furthermore, five 50 m transects were established in each vegetation-soil system site and 

a soil sample taken every 10 m from the first 30 cm of soil depth with a 8.25 cm  diameter core and 

mixed to form one compound sample per transect in each vegetation-soil system (n = 5 per 

vegetation-soil system type). These samples were also kept in black plastic bags at 4°C until 

subsequent laboratory analysis. In the same transects, soil samples were taken for root biomass 

sampling (15 samples per vegetation-soil system). Thin (<2 mm) and thick (<2 mm) roots were 

obtained using 60 and 120 mesh sieves, respectively. All vegetal samples (litterfall, organic layer 

and roots) were dried at 60 °C for 72 h and ground prior to laboratory analysis.  
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2.3. Laboratory Analysis 

Chemical characterization of organic compounds by solid-state 13C CP-MAS NMR.  

Litterfall, fine roots, organic layer and soil samples were analyzed by solid-state 13C NMR 

spectroscopy (in an Agilent Varian VNMRS-500-WB spectrometer, operated at a proton resonance 

frequency of 500 MHz and using a zirconia rotor of volume 160 μL). Carbon chemical shifts were 

referenced to the carbon methylene signal of solid adamantane at 28.92 ppm. Cross Polarization 

Magic Angle Spinning (1D CPMAS) analysis of the samples was performed under the following 

conditions: contact time 1 min, inter-scan delay 1 s (a proton T1 experiment was performed to 

check the suitability of this time interval) and MAS rate 12 kHz. The number of scans was ca. 10000 

- 35000 and the cross-polarization time was set at 1 m. Mineral soil samples were demineralized 

five times beforehand with 10% (w-to-w) hydrofluoric acid (HF) for 2 h each time (Merino et al., 

2018). This procedure serves to eliminate paramagnetic interferences. 

For integration, the spectra were divided into four regions representing different chemical 

environments of a 13C nucleus: alkyl C (0–45 ppm), O-alkyl C (45–110 ppm), aromatic C (110–160 

ppm) and carbonyl C (160–210 ppm). For a more detailed examination of the organic matter (OM) 

composition in the samples, the chemical shift regions were further divided (Knicker and 

Lüdemann, 1995), as follows: i) 10-45 ppm alkyl C: terminal methyl groups, methylene groups in 

aliphatic rings and chains. ii) 45-110 ppm O-alkyl C: methoxyl groups and C6 of some 

polysaccharides (45-60 ppm); C2-C5 in hexoses, C of some amino acids, higher alcohols and the 

aliphatic part of lignin structure (60-90 ppm); anomeric C of carbohydrates, C2-C6 of the syringyl 

unit of lignin (90-110 ppm); iii) 110-160 ppm aromatic C: C-H and C-C carbons and guaiacyl C2, C6 

in lignin (110-140 ppm, aromatic C); aromatic COR or CNR groups (140-160 ppm, phenolic C); iv) 

160-220 ppm carboxyl C: carboxyl C, carbonyl C and amide C. The contributions of the various C 

groups to total C were determined using MestreNova software, version 11 (Mestrelab Research Inc., 
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Santiago de Compostela, Spain). The integral regions were corrected for the areas of spinning side 

bands (SSB), when these appeared in the spectra. Each SSB area was subtracted from that of the 

region in which it appeared, according to Knicker et al. (2005).  

We examined specific integrated regions to calculate indexes associated with decomposability: 

alkyl:O-alkyl ratio (A:OA), O-alkyl:aromatic ratio (OA:Ar), aromaticity index (Ai) (Almendros et al., 

2000; Bonanomi et al., 2013) and hydrophobicity ratio (HB:HI) (Spaccini et al., 2006), as follows:  

HB/HI = [(0-45) + (110-160)] / [(45-110) + (160-200)]                                              Equation (1) 

 

Thermal characterization of organic compounds by differential scanning calorimetry and 

thermogravimetry (DSC-TG) 

Litterfall, fine roots, organic layer and soil samples were analyzed by differential scanning 

calorimetry and thermogravimetry (DSC-TG) in order to determine the thermal resistance of the 

organic matter, (Mettler-Toledo Intl. Inc). The samples (4 mg) were placed in aluminum pans under 

dry air (O2 flux; flow rate of 50 mL-1 min-1) and scanned at rate of 10 °C min-1. The temperature 

ranged between 50 and 600 °C. Samples of indium (melting point: 156.6 °C) were used to calibrate 

the instrument. 

Heat of combustion (Q, in J per gram) was determined by integrating the DSC curves (in Wg-1) over 

the exothermic region (150– 600 °C). Data recorded at <150 °C were disregarded in order to 

exclude weight losses and energy changes associated with moisture loss (Fernández et al., 2011). 

The temperatures at which 50% of the energy is released (DSC) under the given conditions (T50Q 

DSC) were also determined. The SOM content was determined from the difference in weight of the 

material burned at 150 and 600 °C. 
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The area under the DSC curves was analyzed and divided into three partial heat release groups, 

representing different degrees of resistance to thermal oxidation: labile organic matter, (200-375 

°C); recalcitrant organic matter (375-475 °C); and Extra- recalcitrant organic matter (475-600 °C). 

The resulting partial heats of combustion were designated Q1, Q2 and Q3 for DSC. 

 

Nutrient content analysis 

Total nutrients. Samples were dried at a constant temperature of 105 ° C for 72 hours, sieved 

through a 2 mm mesh and ground in an agate mortar in order to allow measurement of total C, N 

and P concentrations. All forms of carbon were determined with a UIC total carbon analyzer model 

CM5012 (Chicago, USA), while the N and P forms were colorimetrically analyzed using a Bran-

Luebbe Auto Analyzer 3 (Norderstedt, Germany). Total C was determined by combustion and 

coulometric determination (Huffman, 1977), while total N (Nt) and total P (Pt) were determined 

from the acid digestion of concentrated H2SO4 with K2SO4 plus CuSO4 as a catalyzer. Nt was 

determined by the micro-Kjeldahl method (Bremmer, 1996) and Pt by the colorimetric method with 

molybdate after the reduction of ascorbic acid (Murphy & Riley, 1962). 

Available nutrients. Ammonium (NH4+) and nitrate (NO3-) were extracted from 10 g of soil and 2 g of 

soil organic layer with 2M KCl, filtered through Whatman #1 paper (Robertson et al., 1999) and 

determined according to the procedures of the Bran-Luebbe autoanalyzer. Inorganic and organic P 

were extracted with 0.5 M NaHCO3 and determined as orthophosphates in the autoanalyzer. 

Dissolved nutrients. For determination of dissolved C, N and P, 2 g of soil organic layer and 20 g of 

fresh soil were shaken for 1 h with deionized water and filtered through Whatman #42 paper and a 

0.45 μm nitrocellulose membrane (Jones and Willet, 2006). Dissolved organic C (COD) was 

determined by combustion and coulometric determination (Huffman, 1977). Dissolved organic N 
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(NOD) and dissolved organic P (POD) were determined following acid digestion. The NOD was 

determined from the difference between the digested N and NH4+ from extractions in water. The 

POD was determined from the difference between the digested P and orthophosphates (Jones and 

Willett, 2006). 

Nutrients in microbial biomass. Microbial C and N were determined by the direct fumigation-

extraction method with chloroform in fresh samples (Vance et al., 1987). After spraying chloroform 

20 g of soil and 2 g of soil organic layer in a vacuum chamber for 24 h at 26°C, the samples were 

extracted with K2SO4 0.5 N, through Whatman #42 paper (Brookes et al., 1985). Cmic and Nmic were 

calculated as the difference of concentration between the fumigated and non-fumigated samples. 

The correction factors used were kEC (extractable part of microbial biomass C) of 0.45 and kEN 

(extractable part of microbial biomass N) of 0.54 (Brookes et al., 1985; Joergensen, 1996; 

Joergensen & Mueller 1996). For microbial P, the same method described above was used in 5 g soil 

and 2 g soil organic layer, and the samples extracted with NaHCO3 and filtered through Whatman # 

42 paper (Cole et al., 1977). Microbial P was calculated as the difference of P concentration between 

fumigated and non-fumigated samples, the correction factor used was kEP =0.45 (Brookes et al., 

1982). 

 

Enzymatic activity. We determined the enzymatic activity of five enzymes associated with C, N and P 

acquisition. The potential activities of β-1,4-glucosidase (BGL), phosphomonoesterases (AP), 

dehydrogenase (DES), polyphenol oxidase (POX) and β-1,4-N-acetylglucosaminidase (NAG) were 

measured using 2 g of soil and 0.5 g of organic layer and 30 ml of 1X MUB (Modified Universal 

Buffer) adjusted to the pH of the site samples. The activity of BGL, NAG and AP was characterized 

using a method based on the colorimetric determination of p-nitrophenol (p-NP) released after 

incubation of the sample with the substrate linked to p-NP for 2 h at 25 °C and spectrophotometric 
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quantification at 410 nm (Tabatabai and Bremner, 1969; Verchot and Borelli, 2005). The absolute 

activity of BGL, NAG and AP was expressed as the p-NP produced hr-1 g-1 of dry soil (Chávez-Vergara 

et al., 2014). POX activity was measured after adding 2,2'-azino-bis (3-ethylbenzthiazoline-6-

sulfuric acid) (ABTS) and incubating the samples for 2 h at 25 °C. Determination was made 

spectrophotometrically at 460 nm (Verchot and Borelli, 2005) and expressed as tyrosine produced 

hr-1 g-1 of dry soil. DES activity was determined through the reduction of triphenyl tetrazolium 

chloride (TTC) to triphenyltriazolium formazan (TPF) (Alef, 1995) for 24 h at 25 °C. Following 

spectrophotometric quantification at 546 nm, the total reaction was expressed as TPF day-1 g-1 of 

dry soil.  

 

2.4. Data analysis 

Statistical analyses 

The total, dissolved, microbial and enzymatic data of C, N and P in the soil organic layer and soil of 

the three vegetation-soil systems were analyzed separately through one-way analyses of variance 

(ANOVA). Where differences were found to be significant (P≤ 0.05), a Tukey post hoc test was 

performed. In addition, a Pearson correlation was conducted between the dissolved nutrients, 

microbial and enzymatic activity of the three vegetation-soil systems. 

 

Stoichiometric, homeostasis and threshold element ratio 

To determine the degree of homeostasis of C:N and C:P in the microbial community, equation 2 was 

used: 
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𝐻′ = 1
𝑚⁄                                                                                                                                        Equation (2) 

Where m is the slope of loge C:NR (resource) versus loge C:NB (microbial biomass), or the slope of 

loge C:PR versus loge C:PB, respectively. 𝐻′ > 1 denotes that the microbial community is homeostatic, 

while H' ≈ 1 indicates the absence of homeostasis (Sterner and Elser, 2002; Tapia-Torres et al., 

2015). 

To determine the enzymatic stoichiometry, the enzymatic activity data were normalized with the 

concentration of dissolved organic carbon (DOC) of each sample (Tapia-Torres et al., 2015). The 

data was then transformed to loge in order to normalize the variance and the following relationships 

evaluated through a type II regression using SMATR (SMATR, R Development Core Team, 2007): 

BGL vs NAG and BGL vs AP (Tapia-Torres et al., 2015). Using the intercepts in SMA regressions for 

loge (BGL) vs loge (NAG) and for loge (BGL) vs loge (AP) (𝑛0 and 𝑝0, respectively) and the elementary 

ratios in the microbial biomass, the threshold value of the elementary relationship was determined 

(𝑇𝐸𝑅𝐶:𝑁and 𝑇𝐸𝑅𝐶:𝑃) using equations 3 and 4, as described by Sinsabaugh et al. (2009): 

𝑇𝐸𝑅𝐶:𝑁  =  
((𝐵𝐺𝐿

𝑁𝐴𝐺⁄ ) 𝐵𝐶:𝑁)
𝑛0

⁄                                                              Equation (3) 

𝑇𝐸𝑅𝐶:𝑃  =  
((𝐵𝐺𝐿

𝐴𝑃⁄ ) 𝐵𝐶:𝑃)
𝑝0

⁄                                                                                       Equation (4) 

Where: 

TERC:N and TERC:P are the threshold ratios (dimensionless), BGL/NAG is the enzymatic activity ratio 

of β-1,4-glucosidase and β-1,4-N-acetylglucosaminidase, and BGL/AP is the enzymatic activity ratio 

of β-1,4-glucosidase and phosphomonoesterase. 𝐵𝐶:𝑁 and 𝐵𝐶:𝑃 are the C:N and C:P ratios of the 

microbial biomass, and 𝑛0and 𝑝0 are the intersections of the regressions of the enzymatic 

stoichiometry (SMA regressions). 
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3. Results 

3.1. Organic matter characterization 

3.1.1.  Molecular composition by solid-state 13C NMR spectrometry 

The spectra (Figure 1) and relative contents of the major C-molecule types (Table 1) for the 

different components studied (litterfall, fine roots, mineral soil) were calculated by integrating the 

chemical shift ranges.  

Litterfall. The spectra of the litterfall were dominated by O-alkyl C associated with carbohydrates 

(56-65% of total intensity and alkyl C (14-20% of the total intensity) compounds. Prominent signals 

at 73 and 104 ppm, attributed to cellulose and hemicelluloses, were observed. A shoulder at 59 ppm 

revealed the presence of methoxyl signals. The alkyl region was dominated by peaks at ca. 30 and 

20 ppm, which were mainly attributed to long- and short-chain aliphatic molecules, respectively, in 

cuticular structures. The aromatic and phenolic C compounds in the chemical-shift regions of 110–

160 ppm (González-Pérez et al., 2004) made up 17-19% of the total intensity. Peaks in this region 

indicated the presence of lignin and tannins, at 145 and 153 ppm (Preston et al., 1997). The content 

of carboxyl structures (organic acids and amide contribution, at 170 ppm: Skjemstad et al., 1996) 

was around 5%. The most important differences between species-systems were the higher 

contribution of alkyl C in the Alnus-system (3100 m.a.s.l.) and, related to this, higher alkyl C:O-alkyl 

C (Table 1) and also the higher presentation of aromatic (Aryl) compounds related to well-defined 

peaks at ca. 116 (C3 and/or C5 in p-hydroxyphenil subunits of lignin (H) and ca. 129 ppm (C2 

and/or C6 in H and other highly condensed aromatics C), ca. 145 and 154 ppm 

(syringil/hydrolysable tannins and guaiacyl/condensed tannins, respectively; Almendros et al., 

2000; Kögel-Knabner, 2002). 
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Soil Organic layer. The organic layer was dominated by O-alkyl C. This region occupied 57-61% of 

the total spectra of all species. The Pinus-system (3700 m.a.s.l.) had higher alkyl C (23%) and Aryl C 

(20%) than the other species (Table 1), while peaks in the alkyl region at 29 ppm (associated to 

aliphatic C), the aromatic region at 55 ppm (methoxyl C), 115 (H-lignin), 129 ppm (condensed 

aromatics) and the carboxyl region at 171 ppm (carboxyl) were most prominent in the Alnus-system 

(Figure 1). The ratios of 13C NMR regions showed that the Pinus-system had higher aromaticity 

(25%) while the Alnus-system and Abies-system (3500 m.a.s.l.) presented higher Alkyl C:Aryl ratios 

(Table 1). 

Fine roots. The spectra of fine roots were dominated by O-alkyl compounds (72-80% of total 

intensity), the alkyl and aromatic regions showed similar signals and made up 9-17% of the C 

compounds. The carboxyl region presented a very low signal (1%). The most notable differences 

between species-systems were the higher signals in the alkyl region (ca. 21 and 28 ppm) in the 

Alnus-system and in the O-alkyl region in the Pinus-system. In the Aryl region, the Pinus-system 

showed apparent peaks at 150 and 140 ppm, related to lignin subunits. The peak at 172 ppm was 

most prominent in the Alnus-system fine roots. In general, the Alnus-system condition was most 

enriched by aliphatic compounds, while the Abies-system presented more aromaticity (Table 1). 

Mineral soil. The spectra of mineral soil contrasted among the species, mainly due to the presence of 

a very prominent and broad peak at 129 ppm in the Alnus-system and Abies-system. The high 

intensity of this signal can be related to the high presence and accumulation of condensed aromatics 

(e.g. charcoal), derived from recurrent fire events. Other peaks had similar intensities but with less 

dominance of aromatics in the Pinus-system. This latter species presented lower aromaticity and 

hydrophobicity than the others (Table 1). 
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3.1.2. Oxidation resistance by thermal analysis 

The DSC curves of the litterfall, soil organic layer, fine roots and mineral soil are shown in figure 2 

and the parameters of the thermal analysis (T50 and partial heats of combustion) are shown in table 

2. 

Litterfall. The DSC curves of litterfall were bimodal with two prominent peaks, the first in the 

thermolabile region (ca. 350 °C) and the second in the recalcitrant region (ca. 450 °C), and a 

smoothed shoulder in Q3 (> 475°) only visible in the Abies-system. In the tree species, the order of 

the thermal fractions was recalcitrant organic matter Q2, (375-475 °C) > thermolabile fraction Q1 

(<375 °C) > > extra-recalcitrant organic matter Q3 (475–550 °C). The distribution in percentages of 

these fractions was rather similar to that of the three vegetation-soil systems. The T50 value (loss of 

50% of energy) was also quite similar for all three species (391-397 °C; Table 2). 

Soil Organic layer. Contrasting shapes were visible among species-systems, but the signal in the Q1 

region was very similar among all three species. Specifically, in the Pinus-system (3700 m.a.s.l.), a 

peak appeared in the Q2 region of similar intensity to that of the Q1 region while, in other 

conditions, the Q2 peaks were more prominent than the peak in the labile region (Q1). Only the 

Abies-system (3500 m.a.s.l.) presented a well-defined peak at ca. 500 °C, and this did not appear in 

other species (Figure 2). This peak is related to the formation of humus-like compounds (Rovira et 

al., 2008). The T50 value presented the order Alnus->Abies->Pinus-system (Table 2). 

Fine roots. The most variability in the shape and position of peaks was observed in the fine root 

thermograms. In all species, the labile peak was lower than the recalcitrant peak. The labile peak 

intensity was similar between Alnus and Pinus, but the former appeared at a lower temperature 

than the latter (ca. 300°C and 330°C, respectively), Pinus did not present any other well-defined 

peak. A second prominent peak of similar intensity was observed in the recalcitrant region in both 

Abies and Alnus but with differences in the temperature at which it evolved in these two species 
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(400 and 450 °C, respectively). In relation to this, Alnus presented the higher recalcitrant fraction 

(50%) and higher T50 values. In contrast, in the DSC curve of the Pinus-system, the recalcitrant peak 

is considerably smaller and presented a lower T50 value (Table 2). 

Mineral soil. All species thermograms were bimodal but with visible differences in the under-curve 

area. The lower shape and lower total heat flow (Q) of the Abies-system thermogram is related to 

lower SOM concentration in the mineral soil (fig. 2D). The DSC thermograms in the Alnus-system 

showed an accumulation of energy released at higher temperature that caused their distribution to 

be skewed to the right. This is consistent with the charcoal detected in the soil NMR spectra. In 

accordance, the SOM under the Alnus-system was more thermally stable (higher T50 values). The 

most recalcitrant compound concentration reflected in the Q2 region was related to higher 

abundance of a highly (probably pyrogenic) condensed and aliphatic accumulation.  

 

3.2. Nutrient concentration and enzymatic activity in the soil organic layer 

Tables 3 and 4 show the nutrient concentrations, enzymatic activity and elemental ratios of the 

organic layer in the three vegetation-soil systems. The organic layer in the Pinus-system (3700 

m.a.s.l.) and Abies-system (3500 m.a.s.l.) had the highest and the lowest C concentrations, 

respectively (F = 343, p<0.001; Table 3), while the Alnus-system (3100 m.a.s.l.) had the highest N 

concentration (F = 359, p<0.001; Table 3). Moreover, the organic layer in the Pinus-system had the 

highest Ct:Pt ratio, while the organic layer in the Alnus-system had the lowest ratio value (F = 446, 

p<0.001; F = 22.12, p<0.001, respectively; Table 4). Moreover, the Pinus-system had the highest 

Nt:Pt ratio (F = 30.39, p<0.001; Table 4).  

The concentrations of DOC and DOP in the organic layer did not differ among the three vegetation-

soil systems, but the organic layer in Abies-system had lower dissolved organic nitrogen (DON) 
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concentrations than in the other two vegetation-soil systems (F = 4.471, p=0.03; Table 3). The 

dissolved organic nutrient ratios did not differ among the three vegetation-soil systems (Table 4). 

The Alnus-system and Abies-system had the highest and lowest concentrations of Cmic, respectively 

(F = 4.737, p=0.03; Table 3), while the concentrations of Nmic and Pmic, and the Cmic:Nmic, Cmic:Pmic and 

Nmic:Pmic ratios did not differ among the three vegetation-soil systems (Table 3 and 4). The organic 

layer in the Alnus-system had higher activities of three enzymes (DES, BGL and NAG) than were 

found in the other two vegetation-soil systems (F = 7.969, p=0.006; F = 8.352, p=0.005, respectively; 

Table 3). However, the AP and POX activity did not differ among the three vegetation-soil systems 

(Table 3). Similarly, the enzyme activity ratios did not differ among the three vegetation-soil 

systems, but the NAG:AP ratio was higher in the organic layer in the Alnus-system than in the Abies-

system (F = 5.88, p = 0.01; Table 4).  

To test the strength of the stoichiometric homeostasis (the ability of a microorganism to maintain 

relatively constant ratios of elements within its biomass, under variable environmental conditions; 

Sterner and Elser 2002) of the microbial community in the organic layer, we calculated the 

microbial biomass elemental ratios and the elemental ratios in the organic layer (soil microbial 

resources). The slope between elemental ratios within microbial biomass and those of the organic 

layer (between loge C:NR and loge C:NB and between loge C:PR and loge C:PB) were not significant, 

suggesting that the microbial community was subjected to an elementary homeostasis in the 

organic layer in all three vegetation-soil systems (Table S2).  

In addition, using the parameters from the enzymatic data and the microbial stoichiometric values 

(C:N:P), the organic layer in the Alnus-system and the Abies-system presented the highest and 

lowest values of estimated TERC:N, respectively (F = 447, p<0.001; Fig. 3A). Furthermore, the value 

of loge TERC:N was higher than the value of the loge C:N ratio of the organic layer in the Alnus-system  

(loge C:N= 3.0), while the loge TERC:N values of the other two vegetation-soil systems were 

significantly lower than their C:N ratios in the organic layer (loge C:N= 3.8 and 4.1 for the Abies-
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system and the Pinus-system, respectively). Likewise, the loge TERC:P in the organic layer of the 

Alnus-system was higher than that in the other two systems (F= 397, p<0.001; Fig. 3B) and the loge 

TERC:P values were lower than the loge C:P ratios of the organic layer in Abies-system and Pinus-

system (6.9 and 6.6, respectively), while loge TERC:P did not differ from the loge C:P ratio of the 

organic layer (6.1) in the Alnus-system. These results suggest that the microbial community in the 

Abies- and Pinus-systems are co-limited by C-N and C-P, respectively, while the Alnus-system is 

limited by C.  

 

3.3. Nutrient concentrations and enzymatic activity in the mineral soil. 

Total soil N and P concentrations were higher in the Alnus-system (3100 m.a.s.l.) than in the other 

two vegetation-soil systems (F = 358.8, p<0.0001; F = 11.91, p<0.001, respectively; Table 5). In this 

context, the Alnus-system soil had the lowest values of C:N, C:P and N:P ratios (F = 446.1, p= 0.02; F 

= 22.12, p = 0.004; F = 13.42, p<0.001, respectively; Table 6). Similarly, the Alnus-system soil had 

higher concentrations of available NH4+ and HPO4-2 than that of the other two vegetation-soil 

systems (F = 3.7, p= 0.05; F = 134, p<0.001, respectively; Table 5). The dissolved organic nutrients 

and nutrients within microbial biomass did not differ among the soils of three vegetation-soil 

systems (Table 5).  

The Alnus-system soil had lower values of BGL activity than that of the other two vegetation-soil 

systems (F = 5.2, p= 0.02, Table 5; F=4.5, p = 0.03, respectively; Table 6), while the NAG, AP, POX and 

DES did not differ among the three vegetation-systems. Consequently, the Alnus-system soil had the 

lowest BGL:AP ratio values (F = 3.3, p=0.003; Table 6).  

As in the organic layer, the regressions between Cmic:Nmic and Cmic:Pmic ratios and the respective 

elemental ratios of mineral soil (between loge C:NR and loge C:NB and between loge C:PR and loge 
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C:PB) did not differ from zero, with the exception of the C:N regression of the Pinus-system soil 

(3700 m.a.s.l. Table S2). These results suggest an elemental homeostasis of the soil microbial 

community in the three vegetation-soil systems, with the exception of the soil microbial community 

in the Pinus-system in relation to N (Table S2).  

The Alnus-system and Abies-system (3500 m.a.s.l.) soils had the highest and lowest values of loge 

TERC:N and loge TERC:P (F = 447, p<0.001, and F= 398, p<0.001; respectively, Fig. 3). The values of 

loge TERC:N were higher than the soil values of loge C:N ratio (loge C:N= 2.8, 4.1 and 3.1 for the Alnus-, 

Abies- and Pinus-systems, respectively), while the loge TERC:P values were also higher than the soil 

loge C:P ratio in the three vegetation-soil systems (loge C:P = 3.8, 5.7 and 6.0 for the Alnus-, Abies- 

and Pinus-systems, respectively). In contrast to the situation in the organic layer microbial 

community, these results suggest that the soil microbial community is limited by C. 

 

4. Discussion 

According to Djukic and others (2010), SOM turnover along a highland forest elevational gradient is 

controlled by the chemical composition of the organic matter, the metabolism of the forest floor 

microbial community and climatic variables, as well as interactions among these factors. However, 

our results suggest that the main drivers of SOM turnover differed for the organic layer and mineral 

soil. In the following two sections, we discuss our results of chemical composition produced by the 

main plant species and microbial metabolism, while in the third section we integrate both of these 

factors along the elevational gradient. 
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4.1. Chemical and thermal characteristics of organic matter as a plant species adaptation to 

water availability along an elevational gradient. 

The difference in average annual temperature between the lowest and highest site was only 5 °C, 

but the Lang Index (calculated as the ratio of mean annual precipitation: mean annual temperature) 

showed an increase with elevation (110, 173 and 180 for the Alnus (3100 m.a.s.l.)- Abies (3500 

m.a.s.l.)-, and Pinus-systems (3700 m.a.s.l.), respectively; Jasso-Flores et al., 2019), suggesting higher 

water availability with increased elevation, with the greatest water deficit in the Alnus-system.  

The chemical composition of vegetal residues could maintain the plant physiological metabolic 

adjustments in order to cope with the ecological and/or environmental conditions, known as after-

life traits (Whitham et al., 2012; Genung et al., 2013). It is therefore expected that the chemical 

composition of organic matter is a consequence of how the dominant plant species cope with the 

environmental stress through physiological processes (Kögel-Knabner, 2002; Bonanomi et al., 

2013). The organic matter chemical composition partially regulates the intrinsic vulnerability of 

organic molecules to decomposition, while the microbial community metabolism controls the 

extrinsic capacity for decomposition, and the interaction between these factors is regulated by 

climatic conditions. The interaction of both factors with the climatic conditions defines the SOM 

turnover observed along a highland forest elevational gradient (Djukic et al., 2010). Our results 

suggests that the water availability condition (associated in our case with elevation) regulates the 

chemical composition of organic matter in the litterfall and fine roots produced by the dominant 

plant species and some chemical characteristics are maintain in residues throughout the 

decomposition process in the organic layer and finally in the organic matter of mineral soil, 

supporting our first hypothesis that the soil organic matter produced in the lowest site is more 

recalcitrant, since it is derived from plant to cope with the lower water availability (the Alnus-

system). The plant water deficit can drive the synthesis of most hydrophobic cuticles, characterized 

by enrichment of long-chain alkanes, as we observed in the most intense signal presented at ca. 30 
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ppm and the higher alkyl:O-alkyl and HB:HI ratios of litterfall, fine roots and organic layer in the 

Alnus-system (site of lowest elevation). Several authors have reported a higher proportion of 

aromatic (such as polyphenols and tannins) and aliphatic (such as cuticular waxes) compounds in 

plant tissues under drought conditions (Boom et al., 2005; De Deyn et al., 2008; Tharayil et al., 2011; 

Vishwanath et al., 2015; Campo and Merino, 2016). For example, Dodd and Poveda (2003) reported 

that Juniperus communis produced a higher proportion of wax and lipids in order to cope with water 

stress in a site of low elevation and warm conditions, compared to trees of the same species at 

higher, colder sites. The vegetal tissues in the Alnus-system, most visible in the organic layer and 

fine roots, consistently presented higher T50 values than those of other species, suggesting that 

these tissues require greater energy investment for biological degradation (Chávez-Vergara et al., 

2018). However, the organic compounds of litterfall and root samples in the Alnus-system showed a 

peak in the labile region of lower temperature in the thermogram and higher concentration of 

carboxyl C in the 13C NMR spectra than those shown by the organic compounds in the Pinus-system. 

This apparent discrepancy in the T50 values could be explained by the fact that most labile organic 

matter compounds are embedded in a complex structural matrix in the Alnus-system. Kögel-

Knabner (2002) reported that, following decomposition of the leaf cuticle and root tissues, other 

organic compounds rich in soluble nutrients are released from the intratissular space. 

Moreover, the chemical and thermal characteristics can be used as an indicator of the sensitivity of 

the organic matter in the mineral soil to biological oxidation (Barros et al., 2011; Merino et al., 

2014). The differences in chemical composition between the organic layer and organic matter in 

mineral soil decreased with increasing elevation. For example, the proportion of aromatic 

compounds increased 15% from organic layer to soil organic matter in the Alnus-system, suggesting 

that the soil organic matter in the site of highest elevation (Pinus-system) is chemically less stable 

and with a higher thermal sensitivity to mineralization (lower T50) than in the lower sites, as was 

reported by Zimmerman et al. (2012) along a tropical forest gradient. Higher thermal sensitivity has 
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been associated with a lower concentration of carboxyl C in the mineral soil by Erhagen et al. 

(2013); however, other factors must be considered, such as the physical protection of organic 

compounds, because this impedes rate of decomposition (Lavallee et al., 2000; Lützow et al., 2006; 

Cao et al., 2016). The soil physical protection is improved by the clay fraction and the carboxyl C in 

mineral soil, through soil aggregation (Lützow et al., 2006; Sarker et al., 2018). The site of highest 

elevation presents a soil texture with lower percentage of clay-size particles (Jasso-Flores et al., 

2019) and with a lower carboxyl concentration than the lowest site, suggesting that the SOM would 

be more susceptible to decomposition once the microbial communities are not restricted by the 

colder environmental conditions prevalent in the highest site.  

 

4.2. Microbial metabolism along the elevational gradient. 

Our second hypothesis that the forest floor microbial community in the lowest site must be limited 

by energy source rather than by N and P, because this microbial community must invest more 

energy in the depolymerization of recalcitrant molecules, was supported by the results of TERC:N and 

TERC:P for the organic layer (Figure 3). In contrast, this hypothesis was not supported by the results 

for the mineral soil (Figure 4), suggesting that the drivers of organic matter decomposition can 

differ between the organic layer and the mineral soil.  

In the organic layer, our results showed that the Loge TERC:N and Loge TERC:P were lower than the 

elemental stoichiometry of the resources (Ln C:N and Ln C:P) from the Abies- and Pinus-systems, 

suggesting that the microbial community of these systems is limited by N and P (Sterner and Elser, 

2002). In contrast, our results suggest that the microbial community of the organic layer in the 

Alnus-system is limited by C. This C limitation is derived from the higher concentration of total N 

and P and the lower C:N and C:P ratios observed in the organic layer of the Alnus-system. Several 

authors have suggested that the metabolic microbial activity is limited by an unbalanced elemental 



 
 

84 

stoichiometry of the nutrient resource, favoring the microbial community to be homeostatic 

(Sinsabaugh et al., 2009; Cleveland and Liptzin, 2017; Cui et al. 2019;). The TERC:N strongly 

correlated with the C:N and N:P ratios of the organic layer (R2: -0.88 and 0.90, respectively) and the 

TERC:P also strongly correlated with the C:N, C:P and N:P ratios of the organic layer (R2: -0.94, -0.82 

and 0.55, respectively), showing that the microbial community has a strong elemental homeostasis 

in all three vegetation-soil systems. However, in spite of these findings, the absolute enzymatic 

activities in the nutrient-limited sites (Abies- and Pinus-systems) are lower than in the carbon-

limited site (Alnus-system), as reported in previous studies of enzymatic activity in soils along 

elevational gradients (Nottingham et al., 2016; Cui et al., 2019). Two possible processes could 

explain our results from the organic layer. Firstly, the microbial community in the organic layer of 

the Alnus-system must produce a higher amount of C- and N-associated enzymes (BGL and NAG) to 

maintain a higher microbial growth (microbial C), since the organic layer of the Alnus-system has a 

higher proportion of recalcitrant organic molecules than the other two soil-vegetation systems (see 

above). Moreover, the organic layer of the Alnus-system has higher BGL:DOC ratio than that of either 

the Abies- or Pinus-systems (3.96, 3.57 and 1.76 nmol PNP µg DOC-1 h-1, respectively), suggesting 

that the microbial community of the Alnus-system must produce a higher quantity of enzyme (BGL) 

per unit of available C (Tapia-Torres et al., 2015). Secondly, the lower temperatures in the sites of 

higher elevation (Abies- and Pinus-systems) could limit enzyme activity, as reported in previous 

studies (Nottingham et al., 2015; Xu et al., 2015; Zhou et al., 2015; Blagodatskaya et al., 2016; Cui et 

al., 2019).  In this sense, Augusto et al. (2017) proposed that the main driver of N limitation is the 

severe climate condition (cold and dry) that acts to reduce N mineralization by microbial activity 

(Arnold et al., 2009; Wolf et al., 2011; Nottingham et al., 2015). This is also suggested by our data 

from the Pinus-system. Our results from the organic layer represent the first report of such data 

collected along an elevational gradient.  
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With respect to mineral soil, our results show that Loge TERC:N and Loge TERC:P were higher than the 

elemental stoichiometry of the resources (Ln C:N and Ln C:P) in the soil of the three soil-vegetation-

systems, suggesting that the soil microbial community is limited by C availability rather than 

nutrient availability (Sterner and Elser, 2002). However, the availability of NH4 and HPO4 is higher 

in the soil of the Alnus-system, although this increase is not reflected in the concentration of Cmic, 

Nmic and Pmic. The alkyl:O-alkyl of soil organic matter was clearly higher than in the organic layer of 

the Alnus-, Abies- and Pinus-systems. These results suggest that the labile C for microbial activity is 

more constrained in the soil than in the organic layer, particularly in the two lowest sites (Alnus- 

and Abies- systems). Soil C availability could therefore be the driving factor behind microbial activity 

in the mineral soil. Additionally, the BGL activity was higher in the Pinus-system than in the Alnus-

system. Similarly, the Pinus-system has a higher BGL:DOC ratio than the Alnus- and Abies-systems 

(1.34 vs. 0.33 and 0.58 nmol PNP µgDOC-1 h-1, respectively), suggesting that the soil microbial 

community of the Pinus-system must produce a higher amount of enzyme per unit of available C 

(Tapia-Torres et al., 2015). Nottingham et al. (2016) reported that BGL activity increased at lower 

temperatures along an elevational gradient, and suggested two main mechanisms to explain the 

temperature acclimation of BGL: a) the presence of iso-enzymes adapted to colder temperatures, 

and b) higher substrate availability at higher elevations. In relation to the first mechanism, several 

studies have reported the thermal adaptation of iso-enzymes (Koch et al., 2007; Trasar-Cepeda et 

al., 2007; German et al., 2012; Nottingham et al., 2016), and we have no reason to reject this for our 

study site. For the second mechanism, Blagodatskaya et al. (2016) proposed that the low quantity 

and quality of organic substrate act to decrease the hydrolytic enzymes independently of 

temperature, which would explain the thermal adaptation of enzymes at higher elevations. In our 

study site, the higher alkyl:O-alkyl ratio of soil organic compounds in the soil of the Alnus-system 

compared to that of the Pinus-system (see above) could reduce the BGL activity by lowering the 

lability of the organic molecules. Our findings support the broad utility of the multidisciplinary 
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approach used in this study to illustrate how the microbial community acquires limiting resources 

by regulating the decomposition of organic matter in the organic layer and mineral soil. 

 

4.3. Responses of parameters associated with organic matter turnover along an elevational 

gradient of three vegetation-soil systems of the highlands of central Mexico.  

According to our results, we have illustrated (Figure 5) the indicators that best support our 

conclusions related to the main drivers of the parameters associated with the turnover of organic 

matter (OM) characteristics (Figure 5a) and microbial metabolic activity (Figure 5b). The 

proportion of chemical recalcitrance of the plant-derived organic compounds of the studied 

components (litterfall, roots and organic layer) increased with reduction of the aridity index (Lang 

index) values. These results suggest that water availability is the main driver of the chemical 

composition of organic matter produced by the dominant plant species. The chemical recalcitrance 

of OM reduces the microbial metabolic activity in the lower water availability condition (site of 

lower elevation), but the lower environmental temperatures at higher elevations could limit soil 

microbial activity, as suggested by the lower dehydrogenase activity at higher sites. Therefore, the 

OM turnover could increase with rising temperatures, as predicted by the climate change model.      

However, the effect of global climate change on soil organic matter decomposition is controversial 

in forest ecosystems along elevational gradients. Some authors have suggested that temperature 

increase has little effect on the most stable organic C fraction in mineral soil (Giardina et al., 2014), 

while the soil labile C organic compounds are more sensitive to temperature increases (Fissore et 

al., 2013). The vulnerability of these labile organic compounds is explained by the sensitivity of 

enzymes to temperatures, higher labile substrate availability (Wallenstein et al., 2011; Nottingham 

et al., 2016) and increased microbial activity under a warming condition in colder ecosystems 
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(Nottingham et al., 2019). In contrast, some authors have reported no changes in enzyme activity 

with increased temperatures in the coldest ecosystems (Blagodatskaya et al., 2016; Cui et al., 2019).  

 

5. Conclusion 

Our results suggest that water availability is the main driver of the chemical composition of organic 

matter produced by the dominant plant species. Therefore, the relative higher chemical 

recalcitrance of the OM reduces the microbial metabolic activity in the lower water availability 

condition (site of lower elevation), but the lower environmental temperatures at higher elevations 

could limit soil microbial activity, although the organic matter has higher chemical lability. 

Integrated study of plant-derived organic material and microbial metabolism in the forest floor is 

therefore required in order to fully understand the vulnerability of tropical mountain ecosystems to 

climate change. 
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Figure 1. 13C CPMAS NMR spectrograms of samples associated with vegetation-soil systems along 

an elevational gradient (Alnus jorullensis at 3100 m.a.s.l.; Abies religiosa at 3500 m.a.s.l. and Pinus 

hartwegii at 3700 m.a.s.l.): A) litterfall, B) fine roots, C) organic layer and D) Mineral soil (0-30 cm in 

depth) 
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Figure 2. DSC Thermograms of samples associated with soil-vegetation systems along an elevational gradient (Alnus jorullensis at 

3100 m.a.s.l.; Abies religiosa at 3500 m.a.s.l. and Pinus hartwegii at 3700 m.a.s.l.): A) litterfall, B) fine roots, C) organic layer and D) 

Mineral soil (0-30 cm in depth). 
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Figure 3. Threshold Elemental Ratio a) C:N (TERC:N), and b) C:P (TERC:P) of the microbial 

community in organic layer samples from three dominant temperate arboreal species from 

the highlands of central Mexico. Different uppercase letters indicate that the means differ 

significantly among species (p ≤ 0.05).  
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Figure 4. Threshold Elemental Ratio a) C:N (TERC:N), and b) C:P (TERC:P) of the microbial 

community in soil samples from three dominant temperate arboreal species from the 

highlands of central Mexico. Different uppercase letters indicate that the means differ 

significantly among species (p ≤ 0.05). 
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Figure 5. Main factors that determine the responses of parameters of A) organic matter 

characteristics and B) microbial metabolic activity in three dominant temperate arboreal 

species systems from the highlands of central Mexico. HB:HI is the hydrophobicity ratio, 

MAT is mean annual temperature, DES is activity of dehydrogenase and TER: threshold 

elemental ratio 
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Table 1. 13C NMR parameters of samples associated with soil-vegetation systems (SVS) along an elevational gradient (Alnus 

jorullensis at 3100 m.a.s.l.; Abies religiosa at 3500 m.a.s.l. and Pinus hartwegii at 3700 m.a.s.l.). HB:HI is the hydrophobicity ratio. 

Sample type SVS 
Alkyl O-alkyl Aromatic Carboxyl HB:HI 

alkyl:O-

alkyl 
alkyl:arom 

O-

alkyl:arom 
aromaticity  

% 

    

% 

Litterfall 

P. hartwegii 13.9 64.8 16.8 4.47 0.44 0.21 0.83 3.86 20.2 

A. religiosa 14.5 63.5 17.5 4.50 0.47 0.23 0.83 3.63 21.4 

A. jorullensis 20.1 56.2 18.7 5.00 0.63 0.36 1.07 3.01 23.5 

Fine roots 

P. hartwegii 9.10 79.9 9.80 1.20 0.23 0.11 0.93 8.15 11.1 

A. religiosa 10.8 72.4 15.4 1.40 0.36 0.15 0.70 4.70 17.9 

A. jorullensis 16.9 71.9 9.80 1.40 0.36 0.24 1.72 7.34 11.1 

Organic layer 

P. hartwegii 16.4 61.3 17.2 5.10 0.51 0.27 0.95 3.56 20.2 

A. religiosa 22.0 57.9 16.1 4.00 0.62 0.38 1.37 3.60 19.0 

A. jorullensis 22.6 56.4 19.5 1.50 0.73 0.40 1.16 2.89 25.0 

Mineral soil 

(0-30 cm in 

depth) 

P. hartwegii 19.1 53.2 22.4 5.30 0.71 0.36 0.85 2.38 29.9 

A. religiosa 16.0 47.3 30.9 5.80 0.88 0.34 0.52 1.53 44.9 

A. jorullensis 16.5 41.9 34.9 6.70 1.06 0.39 0.47 1.20 53.0 

 

  



 

 103 

Table 2. DSC-TG parameters of samples associated with soil-vegetation systems (SVS) along an elevational gradient (Alnus 

jorullensis at 3100 m.a.s.l.; Abies religiosa at 3500 m.a.s.l. and Pinus hartwegii at 3700 m.a.s.l.). 

Sample type SVS 
OM loss Q Q' Q50 T50Q Q1 Q2 Q3 

[%] [J g-1] [J mg-1 OM] [J g-1] [oC] [%] [%] [%] 

Litterfall 

P. hartwegii 89.1 9931 11120 4965 391 42.9 52.4 4.70 

A. religiosa 84.3 10309 12240 5154 392 42.3 52.1 5.60 

A. jorullensis 85.0 11589 13631 5794 397 41.0 51.0 8.00 

Fine roots 

P. hartwegii 74.2 6421 8626 3211 377 49.2 41.3 9.50 

A. religiosa 78.1 9567 12327 4783 377 49.1 44.4 6.50 

A. jorullensis 81.9 9770 11902 4885 417 36.4 49.8 13.8 

Organic Layer 

P. hartwegii 67.0 7751 11589 3875 383 46.2 47.3 6.50 

A. religiosa 62.2 8659 14030 4330 390 43.0 48.2 8.80 

A. jorullensis 79.3 10573 13428 5286 414 35.4 50.6 14.0 

Mineral Soil  

(0-30 cm in depth) 

P. hartwegii 17.0 2361 13850 1181 378 48.0 45.3 6.70 

A. religiosa 10.4 1513 14969 756 382 45.9 46.9 7.20 

A. jorullensis 20.1 2775 13797 1388 389 43.4 48.9 7.70 
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Table 3. Average and standard error of nutrient concentrations and quantified ecoenzyme activities from the organic layer 

samples of three temperate dominate arboreal species from the highlands of central Mexico. Different uppercase letters indicate 

that the means differ significantly among species (p ≤ 0.05). *: p=0.05; **: p=0.01; ***: p<0.001. 

 Alnus-system 

3100 m.a.s.l. 

Abies-system 

3500 m.a.s.l. 

Pinus-system 

3700 m.a.s.l. 

C total (mg g-1)***  419 ± 9 B 379 ± 9 C 452 ± 10 A 

N total (mg g-1)*** 20.5 ± 0.6 A 8.76 ± 0.1 B 7.30 ± 0.3 C 

P total (mg g-1)*** 0.97 ± 0.07 A 0.92 ± 0.05 A 0.60 ± 0.02 B 

DOC (µg g-1) 568 ± 54 238 ± 27 470 ± 40 

DON (µg g-1) 34 ± 8 A 6 ± 3 B 32 ± 9 A 

DOP (µg g-1) 38 ± 5 34 ± 3 24 ± 9 

Cmic (mg g-1)* 2.12 ± 0.36 A 0.87 ± 0.103 B 1.46 ± 0.33 AB 

Nmic (mg g-1) 0.137 ± 0.04 0.13 ± 0.015 0.087 ± 0.022 

Pmic (mg g-1) 0.033 ± 0.005 0.029 ± 0.03 0.028 ± 0.005 

BGL (µmol pNP g-1 h-1)** 2.25 ± 0.36 A 0.85 ± 0.25 B 0.83 ± 0.29 B 

NAG (µmol pNP g-1 h-1)** 0.73 ± 0.15 A 0.15 ± 0.02 B 0.38 ± 0.01 AB 

AP (µmol pNP g-1 h-1) 2.5 ± 0.4 2.0 ± 0.3 1.7 ± 0.2 

POX (µmol tyr g-1 h-1) 5.4 ± 1.8 2.1 ± 0.3 4.9 ± 0.8 

DES (µg TPF g-1 d-1) *** 3322 ± 180 A 2710 ± 395 B 787 ± 109 C 

Dissolved organic C (DOC), N (DON), P (DOP), microbial C (Cmic), N (Nmic) and P (Pmic), -1,4-glucosidase (BGL), -N-acetyl-

glucosaminidase (NAG), phosphomonoesterases (AP), polyphenol oxidase (POX) and deshydrogenase (DES). 
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Table 4. Average and standard error of nutrient ratios and ecoenzyme activity ratios from the organic layer samples of three 

dominant temperate arboreal species from the highlands of central Mexico. Different uppercase letters indicate that the means 

differ significantly among species (p ≤ 0.05). *: p=0.05; **: p=0.01; ***: p<0.001. 

 Alnus-system 

3100 m.a.s.l. 

Abies-system 

3500 m.a.s.l. 

Pinus-system 

3700 m.a.s.l. 

Ct:Nt*** 20.4 ± 0.9 C 43.2 ± 1.5 B 62.3 ± 0.1 A 

Ct:Pt*** 441 ± 33 B 417 ± 32 B 753 ± 33 A 

Nt:Pt*** 21.8 ± 1.7 A 9.6 ± 0.6 B 12.1 ± 0.7 B 

DOC:DON 36 ± 17 170 ± 80 23 ± 9 

DOC:DOP 23 ± 6 7 ± 1 38 ± 28 

DON:DOP 0.97 ± 0.29 0.16 ± 0.90 3.35 ± 2.49 

Cmic:Nmic 25 ± 12 7 ± 1 24 ± 8 

Cmic:Pmic 66 ± 10 31 ± 4 58 ± 17 

Nmic:Pmic 4.2 ± 1.0 4.6 ± 0.7 2.7 ± 0.5 

BGL:NAG 4.4 ± 1.6 5.8 ± 0.8 2.4 ± 0.6 

BGL:AP 1.1 ± 0.3 0.47 ± 0.1 0.47 ± 0.1 

NAG:AP** 0.31 ± 0.07 A 0.08 ± 0.01 B 0.21 ± 0.03 AB 

Total carbon (Ct), N (Nt), P (Pt), dissolved organic C (DOC), N (DON), P (DOP), microbial C (Cmic), N (Nmic) and P (Pmic), -1,4-

glucosidase (BGL), -N-acetyl-glucosaminidase (NAG), phosphomonoesterases (AP), polyphenol oxidase (POX) and 

deshydrogenase (DES), specific enzymatic activity (SEA). 
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Table 5. Average and standard error of nutrient concentrations and quantified ecoenzyme activities from the mineral soil samples 

(0-30 cm in depth) of three dominant temperate arboreal species from the highlands of central Mexico. Different uppercase letters 

indicate that the means differ significantly among species (p ≤ 0.05). *: p=0.05; **: p=0.01; ***: p<0.001. 

 Alnus-system 

3100 m.a.s.l. 

Abies-system 

3500 m.a.s.l. 

Pinus-system 

3700 m.a.s.l. 

C total (mg g-1)  79 ± 5.0 83 ± 6.7 93 ± 1.2 

N total (mg g-1)*** 5.0 ± 0.1 A 1.6 ± 0.5 C 3.9 ± 0.2 A 

P total (mg g-1)*** 1.7 ± 0.16 A 0.3 ± 0.1 B 0.2 ± 0.1 B 

DOC (µg g-1) 179 ± 27 276 ± 62 223 ± 16 

DON (µg g-1) 14 ± 3 11 ± 2 10 ± 2 

DOP (µg g-1) 29 ± 2 30 ± 1 19 ± 1 

NH4+ (µg g-1)* 13 ± 5 A 6 ± 1 AB 2 ± 1 B 

NO3- (µg g-1) 0 ± 0 0.03 ± 0 0.14 ± 0 

HPO42 (µg g-1)*** 19 ± 2 A 10 ± 1 B 10 ± 1 B 

Cmic (mg g-1) 2.68 ± 0.55 2.34 ± 0.13 2.41 ± 0.52 

Nmic (mg g-1) 0.089 ± 0.02 0.097 ± 11 0.106 ± 0.012 

Pmic (mg g-1) 0.008 ± 0.002 0.012 ± 0.003 0.007 ± 0.002 

BGL (µmol pNP g-1 h-1)* 0.06 ± 0.02 B 0.16 ± 0.08 AB 0.30 ± 0.03 A 

NAG (µmol pNP g-1 h-1) 0.07 ± 0.01 0.07 ± 0.030 0.03 ± 0.01 

AP (µmol pNP g-1 h-1) 0.24 ± 0.04 0.16 ± 0.05 0.17 ± 0.02 

POX (µmol tyr g-1 h-1) 1.5 ± 0.5 1.1 ± 0.4 2.0 ± 0.5 

DES (µg TPF g-1 d-1)  277 ± 118 217 ± 20 122 ± 6 

Total C (Ct), N (Nt), P (Pt), dissolved organic C (DOC), N (DON), P (DOP), microbial C (Cmic), N (Nmic) and P (Pmic), -1,4-glucosidase 

(BGL), -N-acetyl-glucosaminidase (NAG), phosphomonoesterases (AP), polyphenol oxidase (POX) and deshydrogenase (DES). 
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Table 6. Average and standard error of nutrient ratios and ecoenzyme activities ratios from the mineral soil samples (0-30 cm in 

depth), nutrient ratio and ecoenzyme activity ratio in the soils of three dominant temperate arboreal species from the highlands of 

central Mexico. Different uppercase letters indicate that the means differ significantly among species (p ≤ 0.05). *: p=0.05; **: 

p=0.01; ***: p<0.001. 

 Alnus-system 

3100 m.a.s.l. 

Abies-system 

3500 m.a.s.l. 

Pinus-system 

3700 m.a.s.l. 

Ct:Nt* 15.7 ± 0.7 B 72.2 ± 23 A 23.6 ± 1.1 AB 

Ct:Pt** 47.5 ± 5.4 B 338.8 ± 83.8 A 450 ± 86.9 A 

Nt:Pt*** 3.0 ± 0.3 B 6.9 ± 2.4 B 18.7 ± 3.0 A 

DOC:DON 15 ± 3 31 ± 11 29 ± 8 

DOC:DOP 6 ± 1 11 ± 3 12 ± 1 

DON:DOP 0.48 ± 0.07  0.50 ± 0.14  0.50 ± 0.11 

Cmic:Nmic 46 ± 16 26 ± 4 23 ± 4 

Cmic:Pmic 376 ± 60 228 ± 58 576 ± 236 

Nmic:Pmic 12.3 ± 4.3 8.8 ± 1.4 26.1 ± 13 

BGL:NAG 0.9 ± 0.2 4.9 ± 3.1 15.7 ± 6.4 

BGL:AP** 0.24 ± 0.07 B 1.04 ± 0.29 AB 1.87 ± 0.34 A 

NAG:AP 0.29 ± 0.05 1.03 ± 0.82 0.22 ± 0.08 

    

Total C (Ct), N (Nt), P (Pt), dissolved organic C (DOC), N (DON), P (DOP), microbial C (Cmic), N (Nmic) and P (Pmic), -1,4-glucosidase 

(BGL), -N-acetyl-glucosaminidase (NAG), phosphomonoesterases (AP), polyphenol oxidase (POX) and deshydrogenase (DES), 

specific enzymatic activity (SEA). 
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Table S1. Regression between elemental ratios of microbial biomass and elemental ratios of 

resources (organic layer or soil) of three dominant temperate arboreal species from the 

highlands of central Mexico. Data in bold denote significant values (p ≤ 0.05).  

 
BC:N vs TOC:TON BC:P vs COT:POT 

 
r r2 p r r2 p 

 Organic Layer 

Alnus jorullensis -0.35 0.12 0.55 0.059 0.003 0.92 

Abies religiosa -0.18 0.032 0.77 -0.18 0.03 0.77 

Pinus hartwegii -0.79 0.62 0.11 -0.73 0.533 0.16 

 Soil 

Alnus jorullensis -0.064 0.004 0.91 -0.006 0.00004 0.99 

Abies religiosa 0.83 0.69 0.08 -0.04 0.001 0.94 

Pinus hartwegii -0.93 0.88 0.01 -0.15 0.023 0.80 
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Discusión general y prospección futura de la tesis  

En esta investigación el gradiente altitudinal sobre el que se establecen los bosques 

templados influyen directa e indirectamente sobre el ciclo de carbono. Modulan el 

incremento de carbono en la biomasa a través del crecimiento arbóreo y el almacén de 

carbono orgánico en el mantillo y suelo por medio del proceso de descomposición de la 

materia orgánica. Cada uno de estos procesos esta modulado por factores como el clima y el 

efecto de las especies (arbórea y/o microbiana), los cuales destacan en cada uno de los 

capítulos de la tesis (Cui et al. 2019, Berg y McClaugherty 2014, Körner, 2007, 

Blagodatskaya et al 2016). Por ejemplo, con respecto al crecimiento Liang et al. (2010), 

determinaron que las tasas de crecimiento arbóreo se restringieron con la elevación debido 

a que las bajas temperaturas en las cimas de las montañas, lo que limita los procesos 

fisiológicos responsables de la formación de tejidos, como la fotosíntesis y la asignación de C 

a diferentes partes del árbol. Además, Gómez-Guerreo et al. (2013) mencionan que el 

incremento del área basal incrementó en la década de 1980 con una disminución acentuada 

en los últimos años en especies como Pinus hartwegii y en Abies religiosa. Esto puede tener 

repercusiones en el manejo forestal, debido a que en las zonas altas se encuentran los 

árboles de mayor edad, y las reforestaciones en las partes bajas. También mencionan que la 

estimulación por CO2 no ha sido suficiente para contrarrestar el estrés por sequía inducido 

por el cambio climático global del sistema (Gómez-Guerreo et al. 2013). Estudios futuros 

podrían indicar que la limitación por recursos como nutrientes podrían tener un papel 

importante en la modulación del proceso de crecimiento arbóreo. Es decir, explorar la idea 

de la fertilización in situ o la deposición de N podría mejorar la producción forestal de estas 

zonas, por ejemplo, Fenn et al. (2020) encontraron efectos significativos a la deposición de 

N sobre el incremento anual de C en un bosque de pino y oyamel en California. 
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Por otro lado, Wang et al. (2019), Xu et al. (2019) y Marek et al. (2020), mostraron el papel 

del clima sobre la descomposición de la materia orgánica del suelo. Entre las posibles 

explicaciones mencionan que un incremento en la temperatura acelera la actividad 

microbiana y una mayor disponibilidad de nutrientes, lo que resulta en una mayor tasa de 

descomposición (respiración heterotrófica, mayor emisión de CO2 a la atmósfera). Contrario 

a este caso, en esta investigación se observó en el sistema de vegetación-suelo Pinus 

hartwegii que la poca disponibilidad de agua y las bajas temperaturas reducen la actividad 

microbiana, conservando los almacenes de carbono orgánico del mantillo y suelo. Sin 

embargo, se vuelve latente la vulnerabilidad de estos almacenes a su descomposición 

debido a los incrementos de temperaturas pronosticados por Sáenz-Romero et al. (2012) 

para las zonas templadas del centro de México. 

Investigaciones como la de Cleveland et al. (2007) recalcan como el clima y la calidad de los 

compuestos orgánicos determinan el proceso de descomposición. En esta investigación, 

definimos que los cambios en la temperatura dados por el gradiente altitudinal determinó la 

velocidad y magnitud del proceso de descomposición. El cual influyó entre otras cosas sobre 

la actividad microbiana y en particular sobre la actividad enzimática y la disponibilidad de 

nutrientes. Además, apoyamos la investigación de Nottingham et al. (2016) donde se 

sugiere que el incremento en la actividad de BGL en los sistemas de bajas temperaturas, se 

debió a la presencia de iso-enzimas adaptadas a temperaturas frías, y a una mayor 

disponibilidad del sustrato a elevadas altitudes. Asimismo, y como ya hemos mencionado, la 

síntesis de enzimas requiere de una inversión de recursos, sacrificando en algunas 

ocasiones la asignación de recursos al incremento de biomasa de los microorganismos y 

entre más complejo o recalcitrante es el compuesto orgánico, más pasos enzimáticos 

requiere para ser asimilado por la comunidad microbiana (Bosatta y Agren 1999). Lo que 

sugiere como la interacción de la calidad de los compuestos orgánicos y el clima podrían 
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alterar la respuesta de la comunidad microbiana con respecto a como utilizan el sustrato en 

escenarios de cambio climático. Por ejemplo, diferentes calidades de sustrato, derivado del 

recambio de especies, fertilización o diferente disponibilidad de sustratos y los cambios de 

temperatura previstos para los sistemas. Por ejemplo, Frey et al. (2013) encontraron una 

disminución en la eficiencia de uso del C con respecto al aumento de temperatura en 

sustratos recalcitrantes, asimismo, Ali et al (2018) encontraron el mismo efecto con la 

despolimeraización de la celobiosa en un sistema al este de Alemania. 

Otra de las implicaciones de la interacción cambio climático (temperatura)-

microorganismos-calidad de los compuestos orgánicos pueden llegar al punto de afectar la 

composición de la comunidad microbiana (Ali et al 2018). Por un lado, se ha demostrado 

que la disponibilidad de sustratos orgánicos recalcitrantes favorece el predominio de las 

comunidades de hongos que son capaces de despolimerizar compuestos como la lignina, lo 

que es relevante en sistemas templados donde se han reportado que los hongos juegan un 

papel importante en el proceso de descomposición de compuestos de especies de pinares 

(Zhang et al. 2008). Asimismo, cuando se combina un sustrato recalcitrante y el 

calentamiento del suelo se promueve la proliferación de hongos, mientras que la 

disponibilidad de sustrato lábil y el calentamiento del suelo incrementa la comunidad de 

bacterias (Castro et al. 2010). Sin embargo, esta relación entre la calidad de la materia 

orgánica, temperatura y la comunidad microbiana no es tan directa y requiere de análisis 

profundos sobre cómo podría modificarse el metabolismo de los microorganismos.  
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Conclusiones generales de la tesis 

El mayor contenido de carbono arbóreo aéreo se determinó en el sistema de vegetación-

suelo Abies religiosa, como consecuencia de una mayor tasa de crecimiento como lo indican 

los anchos de los anillos de crecimiento. La mayor proporción de carbono orgánico del suelo 

(COS) se encontró en el primer horizonte del suelo en los sistemas de Alnus y Pinus. En el 

sistema Alnus jorullensis, la magnitud de la entrada de residuos vegetales esta inversamente 

relacionada con el almacén de carbono en el mantillo, debido a la descomposición del 

almacén. La composición química de los residuos vegetales en los sistemas determinó la 

constante de descomposición y el tiempo medio de residencia de la capa de hojarasca. La 

disponibilidad de agua es el principal impulsor de la composición química de la materia 

orgánica producida por las especies vegetales dominantes. La recalcitrancia química 

relativamente más alta de la materia orgánica reduce la actividad metabólica microbiana en 

la condición de menor disponibilidad de agua (sitio de menor elevación). Las temperaturas 

ambientales más bajas en elevaciones más altas podrían limitar la actividad microbiana del 

suelo, a pesar de que la materia orgánica tiene una mayor labilidad química.  

Los cambios en la distribución de especies como resultado del cambio climático podrían 

modificar la entrada de material orgánico, así como los mecanismos que determinan las 

concentraciones de C:N:P. Por esta razón, comprender el efecto de los sistemas vegetación-

suelo sobre los ciclos biogeoquímicos a lo largo de los gradientes de elevación en los 

bosques templados de latitudes medias (México) implica caracterizar los procesos internos 

que controlan la descomposición de la materia orgánica (actividad microbiana y dinámica y 

composición de la microbiota edáfica). Por lo tanto, se requiere un estudio integrado del 

material orgánico derivado de plantas y el metabolismo microbiano en el suelo y mantillo 
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del bosque para comprender plenamente la vulnerabilidad de los ecosistemas de montañas 

tropicales al cambio climático. 
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