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Abstract A comparative analysis of data, obtained during

four indoor-mesocosm experiments with natural spring

plankton communities from the Baltic Sea, was conducted to

investigate whether biogeochemical cycling is affected by an

increase in water temperature of up to 6 �C above present-day

conditions. In all experiments, warming stimulated in partic-

ular heterotrophic bacterial processes and had an accelerating

effect on the temporal development of phytoplankton blooms.

This was also mirrored in the build-up and partitioning of

organic matter between particulate and dissolved phases.

Thus, warming increased both the magnitude and rate of

dissolved organic carbon (DOC) build-up, whereas the

accumulation of particulate organic carbon (POC) and phos-

phorus (POP) decreased with rising temperature. In concert,

the observed temperature-mediated changes in biogeochem-

ical components suggest strong shifts in the functioning of

marine pelagic food webs and the ocean’s biological carbon

pump, hence providing potential feedback mechanisms to

Earth’s climate system.

Introduction

Earth’s climate system is tightly linked with the ocean through

the uptake and storage of heat (Barnett et al. 2005) and the

exchange of climate-active gases, such as carbon dioxide

(CO2), at the air-sea boundary (Siegenthaler and Sarmiento

1993). While the ocean thus acts as a mitigating agent of

anthropogenic climate change, it experiences major changes

itself as a result of this. The absorption of heat, for instance,

has led to an increase in global surface ocean water temper-

ature (0–3,000 m) of 0.037 �C in the period 1955–1998

(Levitus et al. 2005), with a further projected rise in global

surface temperature of 1–6 �C until the end of the twenty-first

century (Meehl et al. 2007).

Temperature is a major environmental factor that can

both directly and indirectly affect biological processes in

the ocean (Boyd and Doney 2002; Sarmiento et al. 2004).

While in principle, all biological processes are directly

dependent on temperature; heterotrophic processes are

generally expected to display a stronger sensitivity to

changes in temperature than autotrophic processes (Tilzer

and Dubinsky 1986; Müren et al. 2005; López-Urrutia et al.

2006). Concerning the latter, an additional pronounced

dependence on light and nutrient availability is usually
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assumed, thus suggesting an indirect effect of warming on

autotrophic processes through temperature-induced altera-

tions in water column stratification (Sarmiento et al. 1998;

Bopp et al. 2001). In concert, the projected increase in

surface ocean temperature is expected to profoundly affect

the dynamics and interplay of auto- and heterotrophic pro-

cesses in the pelagic marine food web and the associated

biogeochemical cycling of major elements, such as carbon

(C), nitrogen (N) and phosphorus (P) (Finkel et al. 2009;

O’Connor et al. 2009; Riebesell et al. 2009; Morán et al.

2010).

In the framework of the 6-year programme AQUA-

SHIFT, a series of indoor-mesocosm experiments were

conducted to investigate the effects of sea surface warming

on the food web dynamics of natural Baltic Sea spring

plankton communities and the cycling of C, N and P within.

In a synthesis of the first 3 years (i.e., 2005–2007) of

AQUASHIFT experiments, in which the plankton com-

munity was exposed to a range of four temperatures

(ambient and three elevated temperatures) with differing

daily light doses between the years, Sommer and Leng-

fellner (2008) observed recurrent temperature effects on the

timing of the bloom as well as on key characteristics of the

phytoplankton community. Thus, the timing of the bloom

peak displayed a uniform acceleration of 1–1.4 days per �C

increase above ambient temperature, the composition of the

autotrophic community members shifted from a diatom- to

a flagellate-dominated system, and phytoplankton biomass

and cell size decreased with rising temperature. In the

experiments in 2008 and 2009, a different approach was

chosen, exposing the plankton community to a factorial

combination of two temperatures (ambient and one elevated

temperature) and either three levels of daily light dose

(2008) or three levels of copepod abundance (2009). While

in principle showing the same effects of warming on the

timing of the bloom and characteristic features of the phy-

toplankton community, these experiments revealed that

temperature was the main driving force behind the observed

acceleration of bloom dynamics, whereas daily light dose

and copepod density were equally important with temper-

ature in regulating phytoplankton biomass, average cell size

and community composition (Lewandowska and Sommer

2010; Sommer and Lewandowska 2011). Moreover, Lew-

andowska et al. (2011) showed, using a meta-analytical

approach, a direct positive effect of experimental warming

on biomass-normalised primary production (PP) across all

experiments, which was most pronounced at low grazing

pressure and high daily light dose.

In the first of two experiments in 2006, Wohlers et al.

(2009) showed that also heterotrophic processes strongly

responded to rising temperature, thereby affecting the

build-up, stoichiometry and the POM-DOM partitioning of

organic matter. Thus, elevating the temperature by up to

6 �C above ambient conditions notably stimulated both

bacterial secondary production (BSP) and community res-

piration already during the build-up phase of the bloom.

This caused a significant reduction in the biological net

drawdown of dissolved inorganic carbon, a reduced avail-

ability of particulate organic matter (POM) for sedimen-

tation and an enhanced accumulation of dissolved organic

carbon compounds. Moreover, experimental warming led

to a reduced net build-up of particulate organic phosphorus

(POP) and an elevated as well as accelerated accumulation

of dissolved combined carbohydrates (dcCHO), thereby

also affecting the stoichiometry of particulate and dis-

solved organic matter (Wohlers 2009; Engel et al. 2011).

Based on these findings, we reanalysed the AQUA-

SHIFT data to test the following hypotheses:

1. Temporal dynamics of bloom development:

H10: Warming has no effect on the temporal coupling of

autotrophic production and heterotrophic degrada-

tion of biomass

H1A: Heterotrophic processes respond stronger to war-

ming than autotrophic processes. Thus, increasing

temperature will lead to an acceleration of hetero-

trophic compared to autotrophic processes, thereby

altering the timing of cardinal bloom events

2. Organic matter net build-up and partitioning between

particulate (i.e., POM) and dissolved phases (i.e.,

DOM):

H20: Warming has no effect on the balance between

autotrophic production and heterotrophic degrada-

tion of biomass, with hence no changes occurring in

organic matter net build-up and partitioning

H2A: Heterotrophic processes respond stronger to war-

ming than autotrophic processes. Thus, increasing

temperature will stimulate the heterotrophic degra-

dation of POM more than its autotrophic production,

thereby decreasing the overall net build-up of POM.

Moreover, warming will increase the partitioning of

organic matter to the DOM pool through changes in

algal exudation and the heterotrophic dissolution of

POM

3. Organic matter elemental composition:

H30: Warming has no effect on the elemental stoichio-

metry of autotrophic production and heterotrophic

degradation of biomass

H3A: Increasing temperature stimulates the preferential

recycling of nitrogen (N) and phosphorus (P)

compared to carbon (C), thereby causing an

increase in the C:N:P ratio of POM and DOM.

Moreover, warming increases the competition for

nutrients between algae and bacteria. This promotes
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an enhanced exudation of dissolved organic carbon-

rich compounds by algae and further increases the

C:N:P ratio of DOM

To test these hypotheses and to check for recurrent

patterns in the response obtained as part of the AQUA-

SHIFT mesocosm project, we have carried out a compar-

ative analysis of the AQUASHIFT experiments of the years

2006, 2008 and 2009. In particular, we will present results

on the effects of experimental warming on the timing of

cardinal bloom events, the build-up, partitioning and

qualitative nature of particulate and dissolved organic

matter, as well as on the dynamics of transparent exo-

polymeric particles (TEP).

Materials and methods

Experimental design and set-up

In the framework of the AQUASHIFT project, yearly

indoor-mesocosm experiments were conducted during the

spring season in the years 2005–2010. Our comparative

analysis includes data of the experiments conducted in

2006 (AQ2 and AQ3), 2008 (AQ5) and 2009 (AQ6). The

experiments of the years 2005, 2007 and 2010 had to be

excluded from this analysis due to low-light induced

problems with biomass development on the mesocosm

walls in the first two studies, as well as due to a differing

conceptual design of the latter study.

For the experiments AQ2 and AQ3, eight mesocosms

(1,400L volume, 1 m depth, high-density polypropylene)

were distributed among four temperature-controlled cli-

mate chambers, thereby allowing for a simulation of four

different temperature scenarios: in situ temperature

(T ? 0) and temperatures elevated by 2, 4, and 6 �C above

in situ temperature (T ? 2, T ? 4, and T ? 6; see also

Sommer et al. 2007 for more details).

The experiments AQ5 and AQ6 focused on the combi-

nations of the environmental factors temperature and light

intensity (AQ5), as well as temperature and overwintering

copepod density (AQ6) in a factorial design. For this pur-

pose, a total of twelve mesocosms (1400L volume, 1 m

depth, HD-PP) were distributed among four climate

chambers. Two chambers were run at in situ temperature

T ? 0, whereas the temperature of the other two chambers

was increased by 6 �C above T ? 0 (i.e., T ? 6). The two

temperature regimes were then combined with either three

different light intensities (high light (HL), intermediate

light (IL) and low light (LL)) or three levels of initial

copepod densities (high density (HD), intermediate density

(ID) and low density (LD)), simulating changes in water

column mixing depth and cloud cover, as well as in the

overwintering copepod population, respectively (see

Table 1 for details on daily light doses and copepod

abundances). All treatments were duplicated.

The ambient temperature T ? 0 was derived from the

decadal mean (1993–2002) spring water temperature of the

investigation area Kiel Bight (Baltic Sea), yielding a value

of approx. 2.5 �C. The elevated temperature scenarios

T ? 2, T ? 4 and T ? 6 were chosen according to the

projections of the IPCC report for the end of the twenty-

first century (Meehl et al. 2007). In the experiments AQ3,

AQ5 and AQ6, the temperature of the individual meso-

cosms was gradually increased in the course of the

experimental period to mimic the natural late winter/early

spring environmental conditions, thus causing a step-wise

decrease in the temperature difference between treatments

by 0.25 �C per month (Sommer et al. 2007). As the algal

blooms in these studies always occurred within the first

4 weeks of the experimental period, the effective water

temperatures remained close to initial values, thus main-

taining also the reported temperature differences between

treatments.

Prior to the experiments, the mesocosms were simulta-

neously filled with natural seawater from Kiel Fjord (Baltic

Sea), containing a natural spring plankton community as

present in the Fjord at the time of filling. Due to their

fragile nature, copepods were added from net catches in

natural densities of 1.5–11 individuals L-1 (ind L-1) as

described in Table 1. The phytoplankton community was

usually dominated by diatoms ([90 % of total algal bio-

mass), predominantly by Skeletonema costatum.

Light was supplied by separate light benches above each

of the mesocosms, containing 12 full-spectrum light tubes

(10 solar tropic T5 Ultra (4,000 K), 2 solar nature T5 Ultra

(9,000 K); JBL, Germany). The light benches were con-

trolled by a computer simulating daily irradiance curves. In

addition, a seasonal light pattern based on astronomic

equations (Brock 1981) was imposed on the light system in

all but one experiment (i.e., AQ2), causing a gradual

increase in daily light dose over the experimental period.

During AQ2, the daily light dose was kept constant over the

whole experimental period. The daily light doses are given

as mixed water layer values averaged over the bloom period

using an attenuation coefficient of 0.25 m-1 (i.e., as typical

for Baltic Sea winter water; Sommer and Lengfellner 2008).

Due to technical changes in the light system between the

first and second phase of AQUASHIFT, the daily light

doses are generally higher in the second compared to the

first phase with values ranging between 6.0–7.7 and

1.9–4.3 mol photons m-2 day-1, respectively (Table 1).

In AQ2, AQ3 and AQ5, an initial copepod density of

approx. 10 individuals L-1 (ind. L-1) was aspired, but

depended largely on the prevailing situation at the
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investigation site at the time of mesocosm filling (Table 1).

In AQ6, an initial copepod density of 10 (AQ6-HD), 4

(AQ6-ID) and 1.5 (AQ6-LD) ind. L-1 was achieved.

Dissolved inorganic nutrient concentrations varied nat-

urally between years. In AQ2 and AQ5, 13 and 5 lmol L-1

nitrate (NO3
-), respectively, were added to all mesocosms

in order to obtain comparable ratios of dissolved inorganic

nitrogen to phosphorus (N:Pinorg). Thus, N:Pinorg was in all

experiments above the canonical Redfield ratio of 16:1

(Table 1; Redfield et al. 1963), implying phosphorus to be

the limiting nutrient.

The water in the mesocosm was gently mixed by means

of a motor-driven propeller attached to the side of the

mesocosms. This kept living cells and smaller particles in

suspension, whereas larger particles and aggregates were

allowed to sink out of the water column.

Sampling was in general carried out at least three times

a week, but up to daily during bloom phases. Samples were

either taken at intermediate depth by means of a silicone

hose or as depth-integrated samples with a plexiglas tube

that was lowered into the mesocosms and closed under-

neath the surface with silicon stoppers. The total sample

volume taken in the course of the experiments depended on

the overall duration, the frequency of sampling and the

parameters investigated but was in general below 20 % of

the total mesocosm volume.

Parameters

For a comparative analysis of recurrent patterns, a range of

suitable parameters was chosen to describe the effect of

experimental warming on food web dynamics and the

associated cycling of the major elements C, N and P.

The timing of the spring plankton bloom is represented

by the bloom peak (i.e., the day of maximum biomass as

characterised by particulate organic carbon (POC) con-

centration and the onset of nutrient depletion (i.e., based on

phosphate (PO4
3-) concentration).

Temperature-related changes in the build-up and accu-

mulation of particulate and dissolved organic matter are

investigated through changes in the concentration of POC,

POP and dissolved organic carbon (DOC; data available

only for AQ2, AQ5 and AQ6). Moreover, we present data

on the pool of dissolved combined carbohydrates (dcCHO),

as well as on the dynamics of transparent exopolymer

particles (TEP; data available only for AQ2, AQ5 and

AQ6). The latter form from dissolved organic carbon

compounds and can play a decisive role in the aggregation

and sedimentation of particulate matter to greater depths at

the end of bloom situations (Passow 2002).

Warming-related shifts in the quality of the accumulat-

ing particulate and dissolved organic matter are investi-

gated by analysing the ratio of POC to POP (POC:POP) as

well as DOC to dissolved organic phosphorus (DOP), that

is, DOC:DOP (data available only for AQ2, AQ5 and

AQ6).

Included in the analysis is also the average rates of algal

primary production (PP; i.e., particulate and dissolved) and

bacterial secondary production (BSP) to elucidate temper-

ature-related shifts in central autotrophic and heterotrophic

processes that are key drivers of biogeochemical cycling

within the planktonic food web.

Measurements

Dissolved inorganic nutrient concentrations were analysed

colorimetrically from filtered (cellulose acetate filters,

5 lm pore size) water samples following the protocol of

Hansen and Koroleff (1999). All nutrient analyses were

carried out on the day of sampling, except for samples

taken during AQ6, where samples were filtered through

5-lm cellulose acetate filters (Whatman) and stored at

-20 �C until analysis.

For the determination of POC and POP, 100–200 mL of

sample were filtered onto pre-combusted (450 �C, 5 h) GF/

F-filters (Whatman) and stored at -20 �C until analysis.

Table 1 Summary of the environmental core settings during the various AQUASHIFT experiments

AQ 2 AQ 3 AQ 5 AQ 6

HL IL LL HD ID LD

Year 2006 2006 2008 2009

DT ?0, ?2, ?4, ?6 ?0, ?2, ?4, ?6 ?0, ?6 ?0, ?6

Daily light dose 1.9 4.3 7.7 7 6 6.8

Copepod density 5 9 8 10 4 1.5

Replicate number 2 2 2 2 2 2 2 2

N:Pinorg 30:1 15:1 18:1 17:1

DT describes the net temperature difference (in �C) between the in situ (T ? 0) and the elevated temperature treatments. The daily light dose

value represents the average daily light dose during the bloom period (in mol photons m-2 day-1). N:Pinorg describes the molar ratio of dissolved

inorganic nitrogen to dissolved inorganic phosphorus at the start of the experiment. The initial copepod density at the start of the experiment is

given in ind. L-1. All combinations of temperature, light, and copepod density were carried out in duplicate
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Prior to analysis on a Eurovector EuroEA-3000 elemental

analyzer (Sharp 1974), POC samples were dried at 60 �C

for 6 h. Particulate inorganic carbon (PIC) was not

accounted for due to the absence of lithogenic carbonates

and calcifying organisms. POP concentrations were deter-

mined colorimetrically after oxidation with peroxodisul-

phate or Oxisolv reagent (Merck), following the protocol of

Hansen and Koroleff (1999).

Samples for the analysis of DOC and dissolved total

carbohydrates (dtCHO) were filtered through pre-com-

busted (450 �C, 5 h) GF/F-filters (Whatman). The filtrate

was subsequently collected in pre-combusted (450 �C,

12 h) 20-mL glass ampoules and frozen at -20 �C. DOC

samples were analysed on a Shimadzu Total Organic

Carbon analyser (TOCVCN) using the high temperature

combustion oxidation method (Qian and Mopper 1996).

The concentration of dtCHO was measured spectrophoto-

metrically using the 2,4,6-tripyridyl-s-triazine approach

(Myklestad et al. 1997). Dissolved combined carbohydrates

(dcCHO) were obtained by subtracting the concentration of

dissolved free monosaccharides from dtCHO after acid

hydrolysis (1 M HCl).

The concentration of TEP was determined colorimetri-

cally (Passow and Alldredge 1995a). Samples were gently

(\150 mbar) filtered through 0.4-lm polycarbonate filters

(Whatman), stained with 1 mL of an aqueous solution of

Alcian Blue (0.02 %) and stored at -20 �C until analysis.

The dye was redissolved in 80 % H2SO4 for 3 h and the

supernatant analysed on a Hitachi U-2000 spectropho-

tometer. All filters were prepared in duplicate. The acidic

polysaccharide Gum Xanthan was used as a standard. The

carbon content of TEP (lmol C L-1) was calculated using

a conversion factor (f’ = 0.63; Engel 2004).

Rates of autotrophic PP and heterotrophic BSP were

determined three times a week. Primary production was

determined through measurements of 14C-bicarbonate

(H14CO3
-) uptake (Steemann Nielsen 1952; Gargas 1975).

For this purpose, H14CO3
- was added to 30 mL samples at

a final activity of 4 lCi per bottle. The samples were then

incubated in situ for approx. 4 h at intermediate water

depth inside the respective mesocosms. All incubations

were carried out in duplicate with one dark bottle serving

as a blank. After incubation, sample aliquots were filtered

onto 0.2-lm cellulose acetate filter in order to determine

particulate primary production rates (PPpart). The filters

were then fumed with concentrated hydrochloric acid

(HCl) for 10 min in order to remove excess H14CO3
-, and

4 mL of scintillation cocktail (Lumagel Plus) were added.

For dissolved primary production (PPdiss), 20 mL of filtrate

received 100 lL of 1 N HCl. The filtrate was then stored in

a desiccator, containing 1 N NaOH to ensure maximum

outgassing of expelled CO2, under vacuum for 8 days.

Following this, a volume of 10 mL of scintillation cocktail

(Aquasol) was added to each PPdiss sample. Finally, all

samples were radio-assayed on a Packard TriCarb scintil-

lation counter. Daily PP (lg C L-1 day-1) was calculated

by multiplying the obtained production rates with a light

factor (total amount of light throughout the day divided by

the amount of light received during the incubation).

Bacterial secondary production was assessed by mea-

suring the incorporation of 3H-leucine (3H-leu; only AQ2,

5), 14C-leucine (14C-leu; only AQ6) or 3H-methyl-thymi-

dine (3H-thy; only AQ3), following the protocols by Simon

and Azam (1989) and Fuhrman and Azam (1982). 3H-leu

(specific activity: 160 lCi nmol-1), 14C-leu (specific

activity: 306 mCi mmol-1) and 3H-thy (specific activity:

63 lCi nmol-1) were added to the samples at final con-

centrations of 103, 97.8 and 8 nmol L-1, respectively. The

samples were dark-incubated at in situ temperature (i.e., in

the respective climate chambers) for 1.5–3 h. Incubation

was terminated by adding formaldehyde (1 % v/v). A

sample volume of 5–10 mL was then filtered onto 0.2-lm

polycarbonate membrane filters (Poretics�). The filters

were subsequently rinsed with ice cold 5 % TCA solution

before being radio-assayed in 4 mL of scintillation cocktail

(Lumagel Plus) on a Packard TriCarb scintillation counter.

All incubations were carried out in triplicate. A formalin-

killed sample was used to correct for background absorp-

tion of radioactivity. To convert the incorporation of 3H-leu

and 3H-thy into carbon production (lg C L-1 h-1), a the-

oretical conversion factor of 3.1 kg C mol-1 leucine

(Simon and Azam 1989) and an empirically determined

conversion factor of 30.87 kg C mol-1 thymidine (Bre-

ithaupt 2009), respectively, were used. The daily carbon

production rates (lg C L-1 day-1) were then calculated,

assuming that bacterial production rates were constant

throughout the day.

Calculations

For direct comparison of the different experiments, we

defined cardinal points of the temporal bloom develop-

ment, such as the beginning and end of the bloom period,

as well as the onset of nutrient depletion (Fig. 1). The

bloom period to be included in the analysis was determined

by calculating the natural logarithm of POC concentration

(ln[POC]; Fig. 1). During exponential growth and decay,

ln[POC] should scale linearly with time. We took advan-

tage of this for defining the first day during the build-up

phase as well as the last day during the degradation phase

by applying general linear regression models to ln[POC]

data (for the build-up phase from the approximate onset of

increasing ln[POC] to maximum ln[POC] and for the deg-

radation phase from maximum ln[POC] to the approximate

minimum ln[POC]; see also Fig. 1). The range of data

yielding the best fit in terms of r2 was chosen to be the best
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representative for defining the respective build-up and

degradation phase. The day of bloom peak was defined as

the day of maximum POC concentration. Another impor-

tant time point during bloom development is the onset of

nutrient depletion, which was defined as the first day where

PO4
3- concentration fell below the detection limit of

0.05 lmol L-1 (Fig. 1).

Following the above criteria, the average build-up of

POC (POCmean), POP (POPmean) and DOC (DOCmean) was

determined by calculating their geometric mean over the

defined bloom period. For comparison of organic matter

quality between treatments, the geometric mean of the

ratios of POC to POP (POC:POPmean) and DOC to DOP

(DOC:DOPmean) was calculated for the period from nutri-

ent depletion onward until the last day of the bloom period.

With regard to the accumulation of dissolved organic

components and the elemental composition of organic

matter, the onset of nutrient depletion is generally a car-

dinal time point in bloom situations, as it may trigger the

exudation and accumulation of dissolved carbon-rich

material (Norrman et al. 1995; Thingstad et al. 1997; Van

den Meersche et al. 2004). This often leads to strong

deviations in organic matter stoichiometry and may hence

affect food web dynamics.

The rate of increase in DOC concentration (DOCslope)

and dcCHO concentration (dcCHOslope) was determined by

applying a general linear regression model for the time

period from nutrient depletion until the end of the bloom

period. For the analysis of TEP dynamics, both the geo-

metric mean concentration during the full bloom period

(TEPmean) as well as the maximum TEP concentration

(TEPmax), which was reached at approximately 11 days

(AQ2) and 20 days (AQ5 and AQ6) after the bloom peak,

were determined.

For the average rates of algal primary production (PPpart

and PPdiss) and heterotrophic bacterial production

(BSPmean), a geometric mean was calculated over the

bloom period. Additionally, the average BSP at the time of

maximum [POC] was calculated (BSPbloom peak).

Statistical analysis

The primary goal of our comparative analysis is to identify

and describe recurrent trends in the response of important

biogeochemical parameters to experimental warming

across a series of mesocosm experiments with natural

Baltic Sea plankton communities. In order to provide

objective criteria to describe the direction and amplitude of

these trends with increasing temperature, two statistical

strategies were pursued, depending on the specific experi-

mental set-up (i.e., with experimental warming as the sole

environmental stressor or in factorial combination with

daily light dose or copepod density). For AQ2 and AQ3,

where the plankton communities were exposed to a range

of four temperatures, the parameter responses to rising

temperature were investigated using linear regression

models (STATISTICA, Statsoft). For AQ5 and AQ6,

where a factorial combination of three light doses or three

copepod densities with two temperature regimes was

applied, the parameter responses were investigated through

general linear models (GLM; STATISTICA, Statsoft) with

temperature as a categorical factor and light dose or

copepod density as a continuous factor. For cases of a

significant single effect of light dose or copepod density on

a specific parameter, a separate linear regression of this

response parameter (y) versus light dose or copepod den-

sity (x) was calculated. For all analyses, a significance level

of P \ 0.05 was applied.

In order to determine the overall effect of experimental

warming on the various parameters across all experiments,

the ln-transformed response ratio (LnRR) was calculated

for the relevant biogeochemical parameters for each

experiment with

LnRR ¼ ln MEð Þ � ln MCð Þ;

where ME and MC are the mean values of observations in

the elevated (T ? 6) and ambient temperature treatments

(T ? 0), respectively. Following this, an overall mean

effect size was calculated across all studies, including the

95 % confidence interval (CI). A mean effect size of zero

indicates that temperature had no or not a consistent effect

on the investigated parameter, whereas positive and nega-

tive values indicate consistent temperature effects. Fol-

lowing the meta-analysis approach of Kroeker et al. (2010),
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Fig. 1 Schematic representation of a characteristic development of

POC concentration in the course of an algal bloom, illustrating

relevant definitions of cardinal bloom events. The symbols represent

exemplary logarithmic POC concentration (ln[POC]; in lmol C L-1;

cross symbol) and dissolved inorganic phosphate concentration

(PO4
3-; in lmol L-1; open circles) from one of the AQUASHIFT

studies (AQ2). The dashed lines represent the linear regression

models that were fitted to the build-up phase (light grey) and the

degradation phase (dark grey) of the bloom

Mar Biol

123



the effect size was considered to be significant (a = 0.05)

when the CI did not overlap with zero.

Results

Timing of biomass maximum and nutrient exhaustion

The timing of the bloom peak (bloompeak), as characterised

by maximum POC accumulation, showed a significant

(P \ 0.01) forward shift with increasing temperature in all

experiments, ranging between 1.0 and 2.8 days �C-1

(Tables 2, 3, 4, 5; Fig. 2). In AQ5 also, increasing daily

light dose significantly accelerated the timing of the bloom

peak by 2.1 days per mol photons m-2 day-1 (P \ 0.01;

Table 4; Fig. 2), whereas changes in copepod density had

no notable effect during AQ6 (P = 0.3; Table 2).

Similarly, the onset of exhaustion of the limiting nutri-

ent PO4
3- (PO4

3-
depl; Tables 2, 3, 4, 5; Fig. 2) occurred

earlier by 0.3–2.3 days �C-1 (P \ 0.01) across all studies.

In comparison, increasing daily light dose or copepod

density did not alter the timing of PO4
3-

depl (P C 0.6;

Tables 4, 5).

Algal primary production and bacterial secondary

production

Both bloom-averaged particulate and dissolved primary

production showed a mostly negative but overall weak

response to rising temperature throughout all experiments.

Thus, particulate PPmean displayed a significant negative

trend with increasing temperature only in AQ6 (P \ 0.05;

Table 5; Fig. 2), whereas AQ2 showed a significant

negative effect of experimental warming on dissolved

PPmean (P \ 0.01; Table 2; Fig. 2). Copepod density

affected particulate PPmean significantly during the AQ6

study, causing a decrease with increasing grazer density

(P \ 0.05; Table 5; Fig. 2).

In contrast, BSP rates showed a mostly positive response

to increasing temperature, with a significant stimulation of

BSPmean by warming in three out of four studies (AQ3,

AQ5 and AQ6; P \ 0.01; Tables 3, 4, 5; Fig. 2). Inter-

estingly, this effect became already visible when looking at

an earlier stage of the bloom period. Thus, BSP rates

measured at the time of maximum POC accumulation

(BSPbloom peak) also displayed a significant positive trend

with rising temperature in three out of four studies (AQ2,

AQ5 and AQ6; P \ 0.01; Tables 2, 4, 5; Fig. 2). In con-

trast, daily light dose and copepod density had no signifi-

cant effect on both BSPmean and BSPbloom peak across all

studies (P C 0.09; Tables 4, 5; Fig. 2).

Build-up of particulate and dissolved organic matter

The average build-up of POC during the bloom period

showed a variable response to increasing temperature

throughout all experiments. While no effect of warming

could be observed in AQ2 and AQ6, POCmean significantly

decreased with rising temperature by 7.3 and

17.0 lmol C L-1 per �C in AQ3 and AQ5 (P \ 0.01,

Tables 3, 4; Fig. 2), respectively. Changes in daily light

dose and copepod density did not affect POCmean

(P C 0.15, Tables 4, 5; Fig. 2). Similarly, the average

build-up of POP showed a significant negative trend with

increasing temperature in AQ2 and AQ5 (P \ 0.001,

Tables 2, 4; Fig. 2). Warming also negatively influenced

Table 2 Summary of results

for AQ2

A linear regression model was

applied to all data sets (n = 8;

df = 1)

Dependent variable Slope P F r2

Bloompeak (day of experiment) -1.4 0.0020 27.53 0.82

PO4
3-

depl (day of experiment) -0.69 0.0009 14.71 0.71

part. PPmean (lg C L-1 day-1) -7.12 0.2640 1.51 0.20

diss. PPmean (lg C L-1 day-1) -0.71 0.0019 27.71 0.82

BSPmean (lg C L-1 day-1) 0.53 0.5220 0.46 0.07

BSPbloom peak (lg C L-1 day-1) 4.63 0.0070 15.47 0.72

POCmean (lmol C L-1) -3.39 0.2400 1.72 0.22

POPmean (lmol P L-1) -0.012 0.0005 45.44 0.88

DOCmean (lmol C L-1) 5.70 0.0219 9.42 0.61

dcCHOmean (lmol C L-1) 2.36 0.2500 1.63 0.21

DOCslope (lmol C L-1 day-1) 0.73 0.0100 13.62 0.69

dcCHOslope (lmol C L-1 day-1) 0.68 0.0008 38.12 0.86

POC:POPmean (mol:mol) -0.11 0.9900 0.00 0.00

DOC:DOPmean (mol:mol) 11.20 0.5400 0.42 0.07

TEPmean (lmol C L-1) -0.264 0.3340 1.10 0.16

TEPmax (lmol C L-1) 1.09 0.0474 6.18 0.51
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POPmean in the AQ3 and AQ6 studies, but the effect was

slightly insignificant (P B 0.1; Tables 3, 5; Fig. 2). POPmean

remained unaffected by both daily light dose and copepod

density (P C 0.12; Tables 4, 5; Fig. 2).

In contrast to the build-up of particulate organic matter,

the average accumulation of DOC throughout the bloom

period displayed a significant positive trend with rising

temperature in two out of three studies (AQ2: P \ 0.05,

AQ5: P \ 0.01; no data available for AQ3; Tables 2, 4;

Fig. 2). No effect of daily light dose in the AQ5 study or of

temperature and copepod density in AQ6 was observed

(P C 0.14; Tables 4, 5; Fig. 2). In line with this, also the

rate at which DOC accumulated (DOCslope) showed a

significant positive trend with increasing temperature in

AQ2 (P \ 0.05; Table 2; Fig. 2) and AQ5 (P \ 0.001;

Table 4; Fig. 2).

Looking at a specific compartment of DOC, that is, the

pool of dcCHO, revealed a more complex picture. Thus,

the dcCHOmean displayed no significant response to any of

the tested environmental stressors across all three studies

(Fig. 2). In contrast, the rate of dcCHO accumulation

(dcCHOslope) responded positively to warming in two out

of three studies (AQ2: P \ 0.001, AQ5: P \ 0.01;

Tables 2, 4; Fig. 2), whereas increasing light dose and

copepod density had a significant negative effect on

dcCHOslope in AQ5 (P \ 0.01; Table 4; Fig. 2) and AQ6

(P \ 0.05; Tables 5, 6; Fig. 2).

TEP dynamics

The dynamics of TEP concentration during and after the

bloom period showed two divergent patterns in the

Table 3 Summary of results

for AQ3

A linear regression model was

applied to all data sets (n = 8;

df = 1)

Dependent variable Slope P F r2

Bloompeak (day of experiment) -0.98 0.0040 21.04 0.78

PO4
3-

depl (day of experiment) -0.34 0.0070 16.37 0.73

part. PPmean (lg C L-1 day-1) -2.79 0.1955 2.12 0.26

diss. PPmean (lg C L-1 day-1) -0.66 0.0507 5.94 0.50

BSPmean (lg C L-1 day-1) 1.52 0.0010 31.44 0.84

BSPbloom peak (lg C L-1 day-1) 0.04 0.9640 0.00 0.00

POCmean (lmol C L-1) -7.31 0.0047 19.18 0.76

POPmean (lmol P L-1) -0.013 0.0940 3.95 0.40

POC:POPmean (mol:mol) -14.227 0.0040 20.32 0.77

Table 4 Summary of results for AQ5

Dependent variable Temperature Daily light dose P model F model r2

b P b P

Bloompeak (day of experiment) -2.25 0.0011 -2.08 0.0075 0.0009 17.12 0.79

PO4
3-

depl (day of experiment) -1.00 0.0008 -0.56 0.0566 0.0014 14.79 0.77

part. PPmean (lg C L-1 day-1) -3.97 0.1500 3.67 0.2800 0.1600 2.30 0.34

diss. PPmean (lg C L-1 day-1) -0.46 0.1379 0.20 0.5978 0.2791 1.48 0.25

BSPmean (lg C L-1 day-1) 3.75 0.0045 0.57 0.6600 0.0115 7.63 0.63

BSPbloom peak (lg C L-1 day-1) 10.61 0.0001 -4.09 0.0900 0.0004 21.49 0.83

POCmean (lmol C L-1) -16.98 0.0002 3.08 0.4200 0.0005 19.73 0.81

POPmean (lmol P L-1) -0.04 0.0001 0.01 0.5800 0.0004 21.75 0.93

DOCmean (lmol C L-1) 17.48 0.0032 -8.98 0.1400 0.0090 8.33 0.65

dcCHOmean (lmol C L-1) 4.37 0.0600 -4.44 0.1200 0.0700 3.67 0.45

DOCslope (lmol C L-1 day-1) 2.67 0.0005 -0.75 0.2800 0.0018 13.78 0.75

dcCHOslope (lmol C L-1 day-1) 1.25 0.0014 -1.15 0.0099 0.0012 15.47 0.77

POC:POPmean (mol:mol) -13.44 0.0900 3.25 0.7300 0.1800 2.05 0.31

DOC:DOPmean (mol:mol) -15.29 0.6400 43.17 0.3100 0.4800 0.80 0.15

TEPmean (lmol C L-1) 4.05 0.0001 -0.93 0.2900 0.0005 20.38 0.82

TEPmax (lmol C L-1) 6.85 0.0018 -2.72 0.2100 0.0054 9.83 0.69

A general linear model was applied to all data sets with temperature (in �C) as categorical factor and daily light dose (in mol photons m-2 day-1)

as continuous factor (n = 12; df = 2)
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different experiments. The first modus was characterised by

low and temperature-independent TEP concentrations dur-

ing the algal bloom phase, followed by a steep increase in

TEP during the late post-bloom phase, which only occurred

in the elevated temperature treatments. This pattern was

observed in the studies AQ2 and AQ6. The second modus

was characterised by a substantial increase in TEP already

during the algal bloom phase. While the concentration of

TEP thereafter decreased in the in situ temperature treat-

ments, it stagnated or even increased at elevated tempera-

ture. Study AQ5 represents an example of this pattern.

In line with these observations, a significant positive

trend of TEPmean with rising temperature was observed

only in AQ 5 (P \ 0.001; Table 4; Fig. 2), whereas TEP-

mean did not respond significantly to warming in the AQ2

and AQ6 studies (P C 0.22; Tables 2, 5; Fig. 2). In AQ6,

TEPmean decreased significantly with increasing grazer

density (P \ 0.05; Tables 5, 6; Fig. 2).

TEPmax, on the other hand, displayed a significant

positive trend with rising temperature in all studies (AQ2:

P \ 0.05; AQ5: P \ 0.01; AQ6: P \ 0.05; Tables 2, 4, 5;

Fig. 2), whereas changes in light dose and copepod density

had no apparent effect on this parameter (P C 0.21;

Tables 4, 5; Fig. 2).

Elemental stoichiometry of POM and DOM

The average ratio of POC to POP showed a significant

negative trend with rising temperature only in one out of

four studies (AQ3: P \ 0.01, Table 3; Fig. 2). A signifi-

cant negative response of POC:POPmean was also observed

with increasing copepod density in AQ6 (P \ 0.05;

Tables 5, 6; Fig. 2). DOC:DOPmean did not show a sig-

nificant response to any of the environmental stressors:

temperature, light or grazing pressure (P C 0.3; Tables 2,

3, 4, 5; Fig. 2).

Meta-analysis

Mean effect sizes were calculated for all available

parameters (Table 7; Fig. 3). The timing of the bloom peak

as well as the onset of PO4
3- depletion were clearly

accelerated by experimental warming, with low variance in

mean effect size across all studies. The mean effect size of

both particulate and dissolved PPmean showed a tendency to

reduced autotrophic production at elevated temperature,

although the variance between studies was high for dis-

solved PPmean. In contrast, bloom-averaged heterotrophic

bacterial production was clearly stimulated by warming

across all studies, with an even stronger response already at

the time of the biomass peak (i.e., BSPbloom peak).

As a consequence of these changes in the balance

between autotrophic and heterotrophic processes with an

increase in temperature of 6 �C, marked alterations in the

build-up and partitioning of organic matter were observed

across studies. Both the average accumulation of POC and

POP throughout the bloom period showed a negative ten-

dency with rising temperature, which, in the case of

Table 5 Summary of results for AQ6

Dependent variable Temperature Copepod density P model F model r2

b P b P

Bloompeak (day of experiment) -2.83 0.0001 -0.13 0.2993 0.0003 23.67 0.84

PO4
3-

depl (day of experiment) -2.33 0.0000 -0.03 0.6869 0.0001 34.66 0.89

part. PPmean (lg C L-1 day-1) -15.79 0.0119 -3.56 0.0326 0.0097 8.10 0.64

diss. PPmean (lg C L-1 day-1) 0.06 0.9841 0.51 0.5664 0.1773 0.84 0.04

BSPmean (lg C L-1 day-1) 9.71 0.0045 -3.65 0.2800 0.0110 7.74 0.63

BSPbloom peak (lg C L-1 day-1) 18.29 0.0012 -9.66 0.0906 0.0024 13.03 0.74

POCmean (lmol C L-1) 4.91 0.4300 -2.59 0.1500 0.2600 1.55 0.26

POPmean (lmol P L-1) -0.02 0.0500 0.01 0.1200 0.0600 3.97 0.47

DOCmean (lmol C L-1) -10.99 0.2400 -0.86 0.7300 0.4500 0.86 0.16

dcCHOmean (lmol C L-1) -5.41 0.2700 -0.98 0.4700 0.4100 0.97 0.18

DOCslope (lmol C L-1 day-1) -0.28 0.4200 -0.21 0.5400 0.5900 0.56 0.11

dcCHOslope (lmol C L-1 day-1) 0.34 0.3600 -0.26 0.0260 0.0600 4.01 0.47

POC:POPmean (mol:mol) 31.73 0.0600 -12.09 0.0176 0.0180 6.49 0.59

DOC:DOPmean (mol:mol) 27.67 0.6600 -7.02 0.6900 0.8300 0.19 0.04

TEPmean (lmol C L-1) 0.19 0.2200 0.14 0.0079 0.0170 6.64 0.60

TEPmax (lmol C L-1) 7.47 0.0144 -0.49 0.5000 0.0340 4.82 0.52

A general linear model was applied to all data sets with temperature (in �C) as categorical factor and copepod density (in ind. L-1) as continuous

factor (n = 12; df = 2)
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POPmean, was clearly significant. In contrast, both the

average build-up of DOC and of dcCHO did not respond

notably to experimental warming, although the latter

parameter showed a fairly high variability between studies.

Looking at the rate of increase in DOC and dcCHO,

however, showed a clear positive trend with increasing

temperature. Due to a high variability of DOCslope, this

was, however, only significant in the case of dcCHOslope.

The mean effect size of POC:POPmean showed a very

weak tendency to decrease with rising temperature, but

overall the elemental stoichiometry of POM and DOM did

not show a pronounced response to warming across the

AQUASHIFT studies. The mean effect sizes of both

TEPmean and TEPmax showed a tendency to increasing TEP

accumulation with rising temperature across studies was

significant only for TEPmax.

Discussion

Despite substantial differences in environmental conditions

(e.g., daily light dose, grazer density and plankton

AQ 2 AQ 3
Temperature Light dose Temperature Copepod density

Bloom peak

PO4
3-

depl

part. PPmean

diss. PPmean

BSPmean

BSPbloom peak

POCmean

POPmean

DOCmean

dcCHOmean

DOCslope

dcCHOslope

POC:POPmean

DOC:DOPmean

TEPmean

TEPmax

6QA5QA

Fig. 2 Synthesis of observed

effects of experimental warming

by up to 6 �C above ambient

temperature, changes in daily

light dose (only AQ5), and

overwintering copepod density

(AQ6) on selected

biogeochemical parameters

during the AQUASHIFT

experiments. The red upward/
filled and downward/empty
arrows denote significant

(P \ 0.05) positive or negative

effects of the investigated

environmental stressors on

individual parameters. Grey
horizontal arrows denote

insignificant results. Grey filled
areas denote parameters where

no data were available
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community composition), our analysis showed several

recurring trends of biogeochemically relevant parameters

with a rise in temperature of up to 6 �C (Figs. 2, 3). These

will be discussed in detail within the context of our

working hypotheses.

Temporal dynamics of bloom development

Concerning the timing of cardinal plankton bloom events,

such as the peak of the bloom and the onset of nutrient

depletion, a consistent acceleration by on average 1.9 and

Table 6 Linear regression analysis of selected variables versus copepod density (AQ6), separated for the two temperature regimes T ? 0 and

T ? 6 (n = 6; df = 1)

Dependent variable Slope P F r2

At T ? 0 �C

POC:POPmean (mol:mol) -2.8 0.580 0.36 0.08

dcCHOslope (lmol C L-1 day-1) -0.16 0.34 1.19 0.23

TEPmean (lmol C L-1) 0.13 0.15 3.28 0.45

At T ? 6 �C

POC:POPmean (mol:mol) -21.3 0.004 34.55 0.90

dcCHOslope (lmol C L-1 day-1) -0.36 0.048 7.94 0.66

TEPmean (lmol C L-1) 0.142 0.033 10.42 0.72

Table 7 Summary of the meta-analysis results on the effect of increasing temperature on selected biogeochemical parameters

Experiment Bloompeak PO4
3-

depl part. PPmean diss. PPmean BSPmean BSPbloom peak POCmean POPmean

AQ2—IL, ID -0.39 -0.21 -0.20 -0.52 0.08 0.81 -0.25 -0.19

AQ3—HL, HD -0.62 -0.55 -0.28 -1.81 0.51 -0.04 -0.59 -0.24

AQ5—HL, HD -0.37 -0.21 -0.27 -0.50 0.33 0.60 -0.36 -0.23

AQ5—IL, HD -0.22 -0.13 0.02 0.13 0.23 0.69 -0.33 -0.13

AQ5—LL, HD -0.14 0.00 -0.42 -0.38 0.20 0.75 -0.34 -0.19

AQ6—IL, HD -0.36 -0.27 -0.29 -0.09 0.42 0.84 -0.11 -0.16

AQ6—IL, ID -0.41 -0.45 -0.33 0.22 0.25 0.55 0.02 -0.04

AQ6—IL, LD -0.33 -0.47 -0.38 -0.17 0.66 0.53 0.35 -0.10

Mean all -0.35 -0.28 -0.27 -0.39 0.34 0.59 -0.20 -0.16

SD 0.14 0.19 0.14 0.63 0.19 0.28 0.29 0.07

Variance 0.02 0.04 0.02 0.40 0.03 0.08 0.08 0.00

?95 % CI -0.24 -0.13 -0.15 0.14 0.49 0.82 0.04 -0.10

-95 % CI -0.47 -0.44 -0.38 -0.92 0.18 0.36 -0.44 -0.21

Experiment DOCmean dcCHOmean DOCslope dcCHOslope POC:POPmean DOC:DOPmean TEPmean TEPmax

AQ2—IL, ID 0.15 0.20 0.90 0.90 -0.02 0.11 -0.34 0.51

AQ3—HL, HD -0.39

AQ5—HL, HD 0.11 0.19 0.72 0.37 -0.12 -0.08 0.27 0.37

AQ5—IL, HD 0.05 -0.02 0.50 0.85 -0.13 -0.03 0.32 0.34

AQ5—LL, HD 0.16 0.51 0.81 0.94 -0.04 0.03 0.43 0.74

AQ6—IL, HD -0.15 -0.92 -1.02 -0.19 -0.03 -0.09 0.09 2.25

AQ6—IL, ID -0.09 -0.31 0.00 0.30 0.07 0.03 0.06 0.64

AQ6—IL, LD 0.04 0.22 0.28 0.35 0.58 0.18 0.08 0.89

Mean all 0.04 -0.02 0.31 0.50 -0.01 0.02 0.13 0.82

SD 0.12 0.47 0.67 0.42 0.28 0.10 0.25 0.66

Variance 0.01 0.22 0.45 0.17 0.08 0.01 0.06 0.44

?95 % CI 0.15 0.42 0.93 0.89 0.22 0.11 0.36 1.43

-95 % CI -0.07 -0.45 -0.30 0.12 -0.24 -0.07 -0.10 0.21

Blank entries denote parameters where no data were available
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1.1 days �C-1, respectively, was observed across all 4

AQUASHIFT studies. Similarly, also increasing light dose

led to a significantly earlier bloom peak in the AQ5 study

(Fig. 2; Table 5; Lewandowska and Sommer 2010). This

also likely indicates a temporal acceleration of autotrophic

processes.

The significance of this temperature-mediated forward

shift in bloom timing for natural environments, however,

may be less clear. Thus, the onset of the spring bloom

naturally shows a high inter-annual variability of up to

several weeks due to its dependence on various environ-

mental factors, such as light availability and water column

stratification. While data from a modelling study in the

North-Western North Sea (Sharples et al. 2006) showed

that air temperature was the main controlling factor for

water column stratification and spring bloom timing, long-

term monitoring studies in the North Sea could not show a

significant effect of temperature on spring bloom timing

(Edwards and Richardson 2004; Wiltshire and Manly

2004).

The strong stimulation of BSP by warming already at

the time of the biomass peak in 3 out of 4 studies (Fig. 2)

suggests, however, a closer temporal coupling of auto-

trophic and heterotrophic processes with increasing

temperature.

Organic matter net build-up and its partitioning

between particulate and dissolved phases

The data on POC and POP build-up showed significant

trends towards a lower net accumulation of POM at

elevated temperature in 2 of 4 studies for each parameter

(Fig. 2). In the case of POP, the trend was comparable, but

slightly insignificant also in a third study. Concerning the

overall effect of rising temperature on these parameters,

the mean effect size yielded a consistent negative trend for

the net build-up of POP, whereas it remained inconclusive

in the case of POC due to a high variance between studies.

In theory, the lower net build-up of POP may be caused

both by a decline in the photosynthetic production of

organic matter and/or an increase in its heterotrophic

consumption. Here, the available data on algal primary

production and BSP rates likely indicate a combination of

both mechanisms. Thus, the mean effect size of particulate

PP showed an overall consistent negative trend with an

increase in temperature of 6 �C (Fig. 3). Looking at the

individual studies, however, revealed a significant tem-

perature effect in only one study (AQ6; Fig. 2). In line with

this, Lewandowska et al. (2011) reported in a recent

analysis, dealing specifically with the effect of experi-

mental warming on algal PP in the AQUASHIFT studies,

an insignificant response of particulate PP to increasing

temperature. These minor differences in the temperature

response of algal PP between our analysis and that of

Lewandowska and co-workers likely originate from dif-

ferences in the experimental time periods that were inclu-

ded in the calculations. In contrast to the algal processes,

both BSPmean and BSPbloom peak were significantly stimu-

lated by experimental warming in 3 of 4 studies (Fig. 2),

thus yielding consistent and strong positive trends with

increasing temperature (Fig. 3).

Considering the dynamics in the dissolved fraction of

organic matter, a significantly faster and higher increase in

the accumulation of DOC was observed at elevated com-

pared to ambient temperature in 2 of 3 studies (AQ2; AQ5;

Fig. 2). Likewise, also the rate of increase in dcCHO was

significantly stimulated by warming in 2 of 3 studies. Due

to contrary results for DOCmean and DOCslope in AQ6,

however, only the mean effect size of dcCHOslope yielded a

consistent positive trend with increasing temperature

across studies (Fig. 3).

The accumulation of dissolved organic carbon species

during bloom events has often been observed with the

onset of nutrient depletion (Copin and Avril 1993) and is

generally attributed to the overflow of algal photosynthates

(Engel et al. 2002; Schartau et al. 2007). In line with this,

the analysis of the composition of the dcCHO pool for the

AQ2 experiment showed a predominant accumulation of

combined glucose (Engel et al. 2011)that is a main storage

component of algal cells. While a stimulating effect of

warming on primary production and the release of carbon-

rich compounds has also been reported from other studies

(Verity 1981; Davison 1991; Wolfstein et al. 2002; Morán

et al. 2006; Claquin et al. 2008), the here determined rates
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of dissolved PP, however, either showed a negative (AQ2;

Fig. 2) or no response to rising temperature (AQ5, AQ6;

Fig. 2). Besides phytoplankton, also bacteria contribute to

DOC accumulation, for instance by releasing cell-sur-

rounding material during active growth or through modi-

fication of DOM compounds (Azam 1998; Stoderegger and

Herndl 1998; Ogawa et al. 2001; Kawasaki and Benner

2006; Kujawinski 2011). As the heterotrophic bacterial

production showed a consistent positive response to

warming across the AQUASHIFT studies (Figs. 2, 3), we

argue therefore that both algal exudation and bacterial

decomposition processes contributed to DOM accumula-

tion during the AQUASHIFT phytoplankton blooms. In

concert, a higher partitioning of organic carbon from the

pool of particulate to dissolved matter appears to be a

probable consequence of ocean warming.

Interestingly, both increasing daily light dose (AQ5)

and copepod density (AQ6) had a contrary effect on

dcCHOslope compared to warming, leading to a slower

accumulation of dcCHO (Fig. 2). The significantly lower

temperature response of dcCHOslope with decreasing

copepod density during AQ6, likely also masking a

potential temperature response (Fig. 2), may indicate an

indirect effect of copepod density on DOC dynamics, as it

has been shown that changes in grazer abundance can have

a notable effect on bacterial activities by triggering a tro-

phic cascade via ciliates and heterotrophic nanoflagellates

(HNF; Zöllner et al. 2009). Thus, a decrease in copepod

density may likely have relieved bacteria from direct

grazing pressure by HNF, thereby enabling a more pro-

nounced accumulation of dissolved organic carbon species

at elevated temperature. Regarding the negative effect of

increasing daily light dose on dcCHOslope, the underlying

mechanisms remain elusive, but it may be speculated that

any potential changes in algal exudation through increased

light availability may have been compensated by the

enhanced bacterial carbon consumption due to the likely

labile nature of freshly produced algal solutes.

TEP dynamics

In most of the experiments, a slight decrease in DOC and

dcCHO was observed towards the end of the experimental

period in the elevated temperature treatments, which clo-

sely coincided with changes in the concentration of TEP.

Carbohydrates are known to be the precursor material and

basic component of TEP. In general, two ways of TEP

production have so far been reported, that is, the direct

release of carbohydrate-rich cell surface material by phy-

toplankton cells and the abiotic aggregation of carbohy-

drate-containing components of the DOM pool (Chin et al.

1998; Engel et al. 2004). The TEP dynamics observed in

the various AQUASHIFT experiments, in fact, indicate the

presence of both TEP production mechanisms. During

AQ5, the TEP dynamics showed a considerable and tem-

perature-dependent increase in TEP already during bloom

development, likely indicating an algal origin (Fig. 2).

Similarly, a stimulation of TEP production and aggregation

by rising temperature has been previously reported for

various monoalgal cultures (Thornton and Thake 1998;

Claquin et al. 2008). In AQ5, this first peak was followed

by a decline in TEP under in situ temperature conditions,

whereas the concentration further increased in the post-

bloom phase of the elevated temperature treatments, thus

yielding an overall significant temperature response

(Table 5; Fig. 2). In contrast to AQ5, low and temperature-

independent average concentrations of TEP were observed

during the bloom of the experiments AQ2 and AQ6, fol-

lowed by a steep increase in TEP during the late post-

bloom phase of the elevated temperature treatments, which

suggests a strengthened influence of either heterotrophic or

abiotic processes. Several mesocosm and field studies (e.g.,

Passow and Alldredge 1995b; Engel 2004) have reported a

strong potential of TEP to promote the aggregation and

sinking of particulate matter to depth. This depends,

however, critically on the timing and interplay of TEP

production with other biological processes, such as

microbial degradation and grazing. While a consistent

positive trend of the post-bloom TEP dynamics in response

to experimental warming was observed during the here

presented AQUASHIFT studies (Fig. 3), its potential to

influence the organic matter transport to depth via the

biological pump remains uncertain due to the late timing of

the event.

Organic matter elemental composition

Concerning the third hypothesis that warming would lead

to a preferential remineralisation of phosphorus over car-

bon, thereby increasing their elemental ratios in POM and

DOM, we cannot fully reject the null hypothesis. Only 1 of

4 studies showed an increase in particulate C:Pmean with

rising temperature (AQ 6). The effect was, however,

slightly insignificant (Table 6; Fig. 2). In contrast, the

other 3 studies displayed rather a decrease in POC:POP-

mean, with a significant result in only 1 study (AQ3; Fig. 2).

This decrease in the average ratio of POC to POP may, in

fact, rather suggest a temperature-induced shift in the

turnover dynamics of organic phosphorus compounds.

Thus, results from an AQUASHIFT-related microcosm

experiment have shown that experimental warming can

substantially stimulate phosphorus cycling through the

activity of the organic phosphorus-cleaving enzyme alka-

line phosphatase (APA; Wohlers-Zöllner et al. 2011),

hence enabling a faster replenishment of the POP pool at

elevated temperature and reducing the C:P ratio of POM.
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The average ratio of DOC to DOP did not show a signifi-

cant response to any of the investigated environmental

stressors (Fig. 2). In summary, the strong divergence in

temperature patterns between studies impedes conclusions

about the effects of ocean warming on POM and DOM

elemental stoichiometry (Fig. 1).

Potential consequences for marine elemental cycling

One of the key drivers of biogeochemical cycling in the

ocean is the biological carbon pump, which transports

photosynthetically-bound carbon from the sunlit surface to

deeper water layers. While most of the organic biomass is

recycled back to carbon dioxide (CO2) and other inorganic

constituents on its way down, only the fraction that is

transported below the winter-mixed layer actually con-

tributes to the ocean’s capacity to take up atmospheric

CO2. Ocean warming-mediated changes in the potential of

the biological pump to transport carbon to depth, for

instance through shifts in the partitioning of organic matter

between its particulate and dissolved phases or in the ele-

mental ratio of the produced biomass (Riebesell et al. 2007;

Bellerby et al. 2008), may hence provide an important

feedback mechanism to the climate system. In this context,

a significant effect of experimental warming on the mag-

nitude of POM and DOM build-up is also indicated by the

results of the AQUASHIFT experiments (Figs. 2, 3).

Concerning the latter, the enhanced and also accelerated

accumulation of dissolved organic carbon compounds may

shift pelagic ecosystems towards a microbial-dominated

recycling system, thereby reducing the overall strength of

the biological pump (Morán et al. 2006; Kim et al. 2011).

To what extent the pronounced stimulation of heterotrophic

microbial processes compared to autotrophic PP during

AQUASHIFT (Figs. 2, 3) may lead to the build-up of a

refractory DOC pool, hence contributing to the long-term

storage of carbon in the marine biosphere (Jiao et al. 2010),

is currently not predictable.

Conclusions

Despite the limited number of studies and treatment rep-

licates, the AQUASHIFT experiments have provided

important information on ocean warming effects on a range

of biogeochemical parameters that directly or indirectly

contribute to the ocean’s mitigating role in Earth’s climate

system. A major outcome of these experiments is the

substantial, yet often neglected, role of the microbial food

web in the functioning and efficiency of the biological

carbon pump. Moreover, our analysis provides an example

for the strong potential for interactive synergistic or

antagonistic effects of several environmental factors on

major biogeochemical parameters. Based on this knowl-

edge, there is an urgent need for further research on the

interactive effects of environmental stressors on microbial

elemental cycling under future ocean conditions and the

potential for climate feedbacks.
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