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Short Communication 

Physical protection regulates microbial thermal responses to chronic 
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A B S T R A C T   

Climate warming can affect the temperature sensitivity of microbial activity and growth efficiency, possibly 
explained by changes to microbially unavailable carbon (C) protected within in soil aggregates. We assessed 
physical protection by crushing macroaggregates (250–2000 μm) and microaggregates (<250 μm) isolated from 
mineral soils exposed to 27 years of experimental warming (+5 ◦C). We hypothesized that removal of physical 
protection would increase microbial activity and reduce C use efficiency (CUE). We found that crushing 
increased microbial respiration and biomass turnover rate, but did not affect CUE. We also hypothesized that 
long-term warming would reduce the effect of physical protection on microbial activity, and that physical 
protection would attenuate microbial temperature sensitivity in heated compared to control soils. We found that 
long-term warming was associated with a smaller effect of physical protection for microbial respiration but with 
a larger effect for biomass turnover rate in macroaggregates. Physical protection reduced the temperature 
sensitivity of respiration but enhanced the temperature sensitivity of microbial biomass turnover rate in heated 
compared to control soils. Our work shows that long-term warming has contrasting effects on how microbial 
respiration, biomass turnover rate, and their thermal responses are mediated by physical protection within soil 
aggregates.   

Climate warming accelerates soil organic matter (SOM) decomposi-
tion through several mechanisms, including enhanced microbial activ-
ity, altered microbial physiology (e.g., growth efficiency and biomass 
turnover), and potentially, declines in the physical protection of SOM 
within soil aggregates (Bailey et al., 2013; Conant et al., 2011). Physical 
protection makes SOM inaccessible to microbes and suppresses SOM 
decomposition (Six et al., 2002; Waring et al., 2020) and thus has the 
potential to attenuate the temperature responses of microbial carbon (C) 
cycling processes (Gillabel et al., 2010; Plante et al., 2009). The quantity 
and quality of occluded SOM within aggregates may also affect tem-
perature responses of SOM decomposition (Wankhede et al., 2020; 
Waring et al., 2020). Microbial C use efficiency (CUE) can also affect soil 
C loss, depending on SOM quality and accessibility to microbes (Frey 
et al., 2013). However, it remains unclear how physical protection of 
SOM affects microbial thermal responses to long-term warming, espe-
cially in different soil aggregate size fractions. 

Long-term warming may reduce the protective capacity of aggrega-
tion and thus alter microbial thermal responses. SOM can be occluded 
within aggregates or bound to mineral surfaces (Bandyopadhyay, 2020; 
Liu et al., 2021; Tian et al., 2015) and this physical protection is 
generally weaker at lower SOM levels (Goebel et al., 2009). Long-term 
warming reduces SOM stocks (Frey et al., 2008; Melillo et al., 2017; 
Pold et al., 2017), with potential feedbacks to physical protection 
mechanisms. Removal of physical protection, however, may accelerate 
biomass turnover rate and reduce CUE due to overflow respiration 
caused by imbalance in stoichiometry (Manzoni et al., 2012) or by 
increased enzyme production to decompose complex substrates (Geyer 
et al., 2019). Soil organic matter in macroaggregates has less physical 
protection than microaggregates (Poeplau et al., 2017; Six et al., 2002), 
more large pores, and easier nutrient movement (Liu et al., 2021; 
Waring et al., 2020). Because prior field studies have observed of 
adaptation of temperature sensitivity (Bradford et al., 2008; Melillo 
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et al., 2017), microbial activity in macroaggregates may be more 
responsive to long-term warming. 

Here, we used aggregate crushing as an index of physically protected 
SOM (Bischoff et al., 2017) in an experiment to investigate how pro-
tection of SOM in different sizes of aggregates affects microbial re-
sponses to long-term warming (Fig. 1). Because physical protection 
tends to include more complex C compounds, we hypothesized that 1) 
removal of physical protection would increase microbial activities 
(respiration, growth, biomass turnover rate) but reduce CUE. Because 
chronically warmed soils tend to have lower microbial biomass and 
more complex SOM after long-term warming, we further hypothesized 
that 2) soils exposed to long-term warming have a smaller effect size of 
physical protection on microbial activities and CUE compared to control 
plots. Finally, due to declined substrate availability with warming 
(Table 1), we hypothesized that 3) the effect size of physical protection 
on the temperature sensitivity (Q10) of microbial activities would be 

smaller in the heated compared to control plots. 
Mineral soil samples (0–10 cm; pH 4.7, sandy Typic Dystrudepts) 

were collected (steel core; 5.0 cm dia.) from 27-year heated (+5 ◦C) and 
ambient control plots (6 × 6 m; four replicates) at the Harvard Forest 
Long-Term Ecological Research (LTER) site (Petersham, MA, USA) 
(Melillo et al., 2017). The soil was sieved (<2 mm) and allowed to dry 
under controlled conditions (4 ◦C) to a constant moisture (~10%) to 
facilitate isolation of microaggregates (<250 μm) and macroaggregates 
(250–2000 μm) and to minimize disturbance effect on microbial com-
munities (Bach and Hofmockel, 2014; Liu et al., 2021; Tian et al., 2015). 
Half of the aggregates were crushed using a mortar and pestle, and the 
other half were kept intact. Aggregates were preincubated at 40% water 
holding capacity (WHC) at 15 or 25 ◦C for one week to account for the 
disturbance effect of crushing, so that effects of physical protection 
could be isolated (Liu et al., 2021). Crushed and intact aggregates were 
amended with H2

18O (97 atom%) or with natural abundance water to 

Fig. 1. Conceptual diagram to understand 
how chronic warming affects on microbial 
activity in soil compartments that vary in 
physical protection. (a) Mineral soils were 
collected from a long-term field warming 
experiment at Harvard Forest, where control 
soils were sampled alongside soils that have 
been heated 5 ◦C above ambient tempera-
tures for 27 years. (b) Soils were optimal- 
moisture sieved to separate micro-
aggregates (<250 μm) and macroaggregates 
(250–2000 μm). (c) Aggregates were incu-
bated at two temperatures to understand 
temperature sensitivity of microbial activity 
and growth efficiency. (d) Microbial activ-
ities were measured to understand how soil 
organic matter (SOM) was made microbially 
available as dissolved organic matter 
(DOM), consumed as part of microbial 
biomass turnover rate (T) to increase growth 
(G), with microbial carbon use efficiency 
(CUE) modulating how much CO2 was 
respired (R).   

Table 1 
Hypothesized and experimental results for the effect of physical protection on microbial activities in different soil 
aggregates after long-term warming. 
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reach 60% WHC, and incubated 24 h at 15 or 25 ◦C. 30 mL of gas 
samples were taken from a 27 mL Hungate tube using a 60 mL syringe at 
the beginning and end of incubation, and measured by a CO2 analyzer 
(Model 906, Quantek Instruments, Grafton, MA, USA). Respiration was 
calculated using a mass balance equation (gas volumes and concentra-
tions) following the ideal gas law, with additional details being available 
in Liu et al. (2021). Microbial biomass C (MBC) was measured at the 
beginning of incubation, using the chloroform fumigation extraction 
method with modifications (Liu et al., 2020): 2.0 g soil was extracted 
with 10 ml K2SO4 (0.5 M) before and after chloroform fumigation (24 h), 
and dissolved organic C (DOC) was measured using a TOC-L analyzer, 
and MBC was the difference in DOC concentrations before and after 
chloroform fumigation using a factor of 0.45 (Liu et al., 2017). Soil DNA 
was extracted (Qiagen), and microbial growth rate was estimated using 
the MBC:DNA ratios from newly formed DNA, which was calculated 
from excess 18O in the labeled against non-labeled DNA samples using a 
conversion factor of 31.9% (Geyer et al., 2019; Liu et al., 2021; Papp 
et al., 2018). CUE was calculated as the ratio of growth to organic C 
uptake (respiration + growth); and biomass turnover rate was calculated 
by dividing growth (per day) by MBC (Domeignoz-Horta et al., 2020; Liu 
et al., 2021). Mass-specific respiration and mass-specific growth were 
calculated by dividing respiration and growth with MBC. Data were 
checked for normality and log-transformed as needed. Treatment effects 
were tested using linear mixed models (with experimental field plots as 
the random effect) and the post hoc test (glht) in R (version 4.0.0; R Core 

Team, 2020). Variance partitioning was calculated from repeated 
ANOVA with plots as a random effect (Liu et al., 2020, 2021). The effect 
of physical protection (effect size) is defined as (crushed – intact)/intact 
× 100%. 

Our first hypothesis was that removal of physical protection by 
crushing would increase microbial activity but decrease growth effi-
ciency. We found that crushing increased microbial respiration and 
biomass turnover rate, especially at 15 ◦C (Figs. 2 and S1). Crushing also 
increased mass-specific respiration and mass-specific growth (Figs. S2 
and S3). However, crushing did not affect CUE. This suggests that the 
quality of substrates released by crushing is similar to the quality of 
those remained protected within intact aggregates, which has been 
previously observed (Guan et al., 2018). As expected, crushing increased 
DOC concentrations (Figs. S2 and S3), supporting our assumption that 
aggregates protect soil C (Navarro-García et al., 2012). Yet, crushing 
reduced microbial biomass, suggesting possible contributions of mi-
crobial necromass to elevated respiration (Balesdent et al., 2000; Gre-
gorich et al., 1989). Microaggregates had greater DOC concentrations 
and slower microbial biomass turnover rates than macroaggregates in 
both intact and crushed soils (Figs. S1 and S3), consistent with previous 
observations that microaggregates SOM is less accessible to microbes 
than macroaggregates SOM (Bach et al., 2018; Bailey et al., 2013; Fox 
et al., 2018; Goebel et al., 2009; Liu et al., 2021). 

Our second hypothesis was that soils exposed to long term warming 
have a smaller effect size of physical protection on microbial activities 

Fig. 2. Microbial responses to removal of physical protection as mediated by aggregate size and incubation temperature over long-term warming. R, respiration; G, 
growth; T, turnover rate; CUE, C use efficiency. Data are shown as effect size=(crushed – intact)/intact × 100%. * and *** indicate significant warming effects (P <
0.05 and 0.001). Error bars show error of means (n = 4). 

Fig. 3. Microbial thermal responses (temperature sensitivity, Q10) to removal of physical protection as mediated by aggregate size over long-term warming. R, 
respiration; G, growth; T, turnover rate; CUE, C use efficiency. MA = macroaggregates and MI = microaggregates. Data are shown as effect size=(Q10 of crushed – 
Q10 of intact)/Q10 of intact × 100%. * indicates significant warming effects (P < 0.05). Error bars show error of means (n = 4). 
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and CUE compared to control plots. Long-term warming was associated 
with a smaller effect of physical protection on respiration, but with a 
larger effect on microbial biomass turnover rate, especially at 15 ◦C 
(Fig. 2 and Table 1). This is consistent with prior observations that 
chronic warming affected microbial thermal responses and elicited a 
decline in microbial biomass (Liu et al., 2021; Melillo et al., 2017; Pold 
et al., 2017). Long-term warming enhanced the positive crushing effect 
on mass-specific growth and enhanced the negative crushing effect on 
MBC (Fig. S2), but did not impact the crushing effect on CUE (Fig. 2), 
consistent with prior studies that the quality between 
aggregate-protected and unprotected substrates is similar in the heated 
and control soils (Guan et al., 2018; Waring et al., 2020). 

Our third hypothesis was that the effect size of physical protection on 
temperature sensitivity (Q10) of microbial activities would be smaller in 
the heated compared to control plots. The effect of physical protection 
on temperature sensitivity of respiration was smaller in the heated 
compared to control plots, while the effect on temperature sensitivity of 
microbial biomass turnover rate was larger (Fig. 3 and Table 1). 
Crushing reduced the temperature sensitivity of respiration in the con-
trol soils but showed little effect in the heated soils (Fig. S4). The effect 
of physical protection on temperature sensitivity of CUE was similar 
between heated and control soils, and the effect on temperature sensi-
tivity of mass-specific growth was larger in the heated than control soils 
(Figs. 3 and S5). These variable effects of physical protection on mi-
crobial thermal responses might be associated with substrate limitation 
(Liu et al., 2021; Pold et al., 2017), microbial adaptation in utilizing 
complex substrates (DeAngelis et al., 2015; Pold et al., 2016), and 
changes in microbial substrate accessibility and community structure 
(Bach et al., 2018; Fox et al., 2018) after nearly three decades of soil 
warming. 

Microbial activities and their temperature responses were driven by 
different environmental factors (Fig. 4). Respiration was driven mainly 
by physical protection and its temperature sensitivity was driven mostly 
by long-term warming. Microbial growth and biomass turnover rate 
were driven by long-term warming and physical protection, respectively 
(Fig. 4A), but their temperature sensitivities were both driven by 
aggregate size (Fig. 4B). Temperature sensitivity of CUE was driven by 
long-term warming and aggregate size. Physical protection also 
explained most of variance in mass-specific respiration and mass- 
specific growth (Fig. S6). These findings suggest that physical protec-
tion and aggregate size regulate microbial activities and their thermal 
responses to long-term warming (Liu et al., 2021; Poeplau et al., 2017). 

After nearly three decades of warming, the effect of physical pro-
tection on temperature sensitivity of respiration was reduced but the 
effect on temperature sensitivity of biomass turnover rate was increased, 
especially in macroaggregates. This suggests that physical protection 
mediates microbial thermal responses in soil aggregates that have lower 
SOM and microbial biomass but greater substrate accessibility to mi-
crobes (Liu et al., 2021). Our findings suggest that physical protection 

differentially regulate microbial activities and their thermal responses 
among soil compartments, with little effect on the efficiency with which 
microbes utilize SOM after long-term warming. 
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