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Research  exploring  the  timing  of  recurring  biological  events  has  shown  that

anthropogenic climate change dramatically alters the phenology of many plants and

animals.  However,  we  still  lack  studies  on  how  climate  change  might  alter  the

phenology  of  soil  invertebrates  as  well  as  how  this  can  subsequently  affect

ecosystem functions.

Climate change, phenological shifts, and ecosystem consequences

The timing of key life history events in organisms, such as migration, germination, growth,

reproduction, senescence, and hibernation, is rapidly changing in response to anthropogenic

climate change [1].  Important  criteria  for  such phenological  shifts  to  occur  in  organisms

relate to how tightly their life history events are linked to cues from the abiotic environment

[1], diversity and composition of the local community [2], and how global changes alter the

temporal dynamics of both factors. For instance, plant growth often peaks in spring, but the

onset  of  activity  by particular  species  can be advanced  or  delayed by  changes in  local

environmental conditions [2]. Strong phenological shifts of key organisms are bound to alter

the biotic interactions that drive ecosystem functions like resource uptake and production of

biomass.  For  example,  reduced  temporal  synchrony  between  consumer  and  resource

species, when a resource species tracks the seasonal shifts and consumers do not, can lead

to demographic changes, species extinctions, and altered ecosystem productivity [3]. Two

recent global syntheses on phenological shifts in plants (review,  [4]) and animals (meta-
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analysis, [5]) confirmed that climate variables, namely temperature and precipitation, which

determine the seasonality  in  a given region,  are central  to driving  phenological  shifts in

species.  Presumably  due  to  their  inaccessibility,  soil  invertebrate  animals  (soil  animals

hereafter)  have  rarely  been  incorporated  into  phenological  research  [5]  despite  of  their

sensitivity to both temperature and precipitation [6], and their crucial roles in driving multiple

ecosystem functions [6-8]. Here we highlight the importance of studying the phenology of

soil  animals  for  improving  our  understanding  of  global  change  impacts  on  ecosystem

functioning in terrestrial environments.

The ‘black box’ of soil animal phenology 

Soil ecologists have studied the temporal dynamics of soil organisms for decades, mostly

focusing  on  seasonal  population  dynamics,  temporal  predictability  of  soil  community

composition, the drivers of temporal variability in soil communities, as well as the resistance

and resilience of soil communities and functions in response to environmental disturbances

(e.g.  [7-10]).  However,  the temporal  dynamics  have  rarely  been related  to  soil  animals’

phenology and their potential  response to environmental drivers (but  see work on highly

synchronized species with pulsed emergence; e.g. periodical  cicadas),  and the available

information has not been synthesized so far. Notably, in some cases soil phenology is just a

matter of turning soil activity off and on (i.e. soil microbial activity responds rapidly to root

enzymes and soil moisture). So, plants are particularly crucial drivers of activity patterns of

soil  organisms  as  they  create  ‘hotspots’  (space)  and  ‘hot  moments’  (time)  of  resource

availability [11]. Yet larger-bodied soil animals often alter their vertical distribution along the

soil profile in response to variations in temperature and precipitation, which changes both the

spatial and the temporal aspects of their interaction partners (Figure 1). For instance, soil

animals often move to deeper soil layers during adverse environmental conditions, such as

drought, and thus can influence plant species with deeper roots during drier time periods.

Examining  potential  ecosystem consequences of  changes in soil  animal  phenology then

depends not only on geographic variation in climate change drivers, such as precipitation,

temperature, and freeze-thaw cycles, but also on changes in depth of interactions across the

soil profile [12] as well as with aboveground interaction partners like predators (Figure 1). 

Available inferences on soil animal phenology have thus far mostly been based on repeated

soil  community samplings (which is  very destructive to monitoring of  experimental  plots,

because  they  involve  soil  core  samplings)  [7-8],  or  assessments  of  community-level

decomposition activity [6], and only rarely by monitoring populations of soil animals using

non-destructive  sampling  methods  [13].  This  fuels  the  challenge  to  identify  shifts  in

phenology as well  as matches and mismatches of  activity  patterns among soil  animals.

Thermal sensitivity of metabolism and activity are related to body size, and soil animals span

a  great  range  of  size  distribution  (from  microfauna  like  protists  to  macrofauna  like

earthworms), which might cause trophic mismatches of animals with different phenological

shifts. Notably, exploring these potential mismatches would require data documenting the

timing  of  population-level  events,  while  integrative  means  to  measure,  for  instance,

decomposition activity would rather reflect community-level responses.

The phenology of above-belowground interactions: an oak case study 

2



To exemplify these potential plant and soil animal phenology linkages, we present results of

a phytometer experiment using clonal oaks that have clear temporal oscillations of resource

inputs to the soil [14],  in which we studied shoot growth phenology and soil invertebrate

feeding activity (i.e., decomposition of a cellulose-based substrate; [6]) at two locations in

Germany (Kreinitz and Bad Lauchstädt). Our results show that plant growth phenology and

invertebrate activity across the growing season can be linked, i.e., they show anticyclical

patterns (Bad Lauchstädt), but they also can be disconnected (Kreinitz) (Figure 2). These

results indicate very pronounced phenological patterns in soil invertebrate feeding activity

with a heretofore unknown interplay between direct climate and indirect plant effects.

Ways forward: merging new concepts and methods 

A recent meta-analysis  indicates that  soil  animals and the functions they drive might  be

particularly prone to phenological shifts under climate change, as temperature effects were

reported to be most pronounced in invertebrates and small-bodied animals above the ground

[3].  Moreover,  areas  experiencing  the  most  severe  climate  changes  and  are  prone  to

freezing and thawing of soils will be particularly sensitive to changes in soil animal activity.

However, the extant knowledge gap in phenological shifts of soil animals currently limits our

capacity  to  predict  ecosystem  responses  to  climate  change.  Much  previous  work  on

aboveground animal phenology has focused on monitoring of populations or simple pairs of

species interactions (i.e.  plant-herbivore,  plant-pollinator, host-parasite).  Notably,  studying

such  species-specific  interactions  in  soils  is  elusive,  and  new  approaches  will  likely

emphasize community phenology [6].  One exception might be the recent methodological

advances in automated, non-destructive sensing techniques like the EDAPHOLOG system

[13] – allowing the online measurement of belowground microarthropods and their body size

– will facilitate the study of soil animal phenology. This method allows repeated sampling of

soil animal communities without disturbing the soil. In the future, it might be conceivable to

arrange this belowground pitfall trap in a way to monitor soil animal communities in different

soil depths, and to quantify soil animal phenology responses to climate change in space and

time (Figure 1). Other novel techniques, such as non-destructive spectroscopic analyses of

soil  communities and activities  (e.g.  Visible  and Near-Infrared Reflectance Spectroscopy

[Vis-NIRS],  Mid-Infrared  Spectroscopy  [MIR])  need  to  be  refined  and  applied  to  field

conditions. The establishment of several globally distributed, experimental networks on the

ecosystem-level consequences of global environmental change (such as Drought-Neti) will

help identify global patterns in how above- and belowground phenology might relate to each

other.  Recent  synthesis  works  [4-5]  provide  a  predictive  framework  for  soil  animal

phenological responses according to their traits like trophic position [3] and body size [5] in

order to explore if the general patterns that apply to aboveground animals are also relevant

for those in the soil, which will help illuminate the ‘dark side of animal phenology’.  
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Figure legends

Figure  1.  Conceptual  Figure  of  the  Relationships  Among  Seasonality,  Community

Composition, and Soil Animal Phenology as Affected by Climate Change. Timing and strength

of soil animal interactions as well as identity of their interaction partners depend on time of year and

environmental conditions (abiotic and biotic). Global changes in environmental conditions, such as

alterations  in  temperature  (T  [°C])  and  precipitation  (P  [mm])  patterns  shown  in  the  top  panels,

influence the phenology of aboveground-belowground interactions with direct and indirect  (i.e.  via

plant-soil feedbacks) implications for ecosystem functioning. Climate change can alter temporal and

spatial activity patterns of soil animals, such as decreased activity during warmer and drier summer

months and reduced activities in drier top soils, respectively. These shifts can alter the links between

aboveground and belowground food webs, as indicated by unknown future feeding links of carabid

beetles to aphids (aboveground) and springtails (belowground). Belowground herbivory (represented

by nematodes) and its consequences might change due to alterations in spatial and temporal feeding

interactions (nematode icon ‘moves’ in space and time in the figure). Moreover, shifts in plant and

animal community structure (indicated by a dominance of graminoids in the future climate) as well as

shifts  in  body  sizes  of  soil  animals  (indicated  by the reduced body size  in  the future climate)  in

response to climate change is likely to have consequences for soil animal phenology. Taken together,

these climate-induced abiotic and biotic alterations exemplify a few of the many potential drivers of

soil animal phenology. 

Figure 2. Matches and Mismatches of Plant and Soil Animal Phenology. Growth phenology of

clonal oaks [14] via oak branch length growth assessments [cm] of five-year old trees (n = 5 per site)

as  well  as  soil  invertebrate  feeding  activity  using  bait  lamina strips  (number  of  empty  bait  holes

ranges between 0 and 16; [6]) were assessed every two weeks from April to October in 2014 at two

locations  in  Germany  (Kreinitz  and  Bad  Lauchstädt).  These  oaks  show  alternating  endogenous

rhythmic  growth  patterns  of  root and shoot  flushes [14].  Low levels  of  oak branch length  growth

indicate periods of root growth [14], which might thus denote pulses of carbon inputs to and biological

activity in the soil [11]. If oak root flushes determined soil invertebrate feeding activity, this would be

indicated  by  anticyclical  patterns  of  the  two  phenology  measures  (such  as  the  case  in  Bad

Lauchstädt).
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