Supplemental Material
1. Methods
1.1. Sample collection
Approximately 4,000 Apis mellifera, 3,000 Apis cerana, and 100 Bombus terrestris were collected from Guangzhou, China (22°N, 112°E), and housed in three beehives at 25°C and humidity of 50%, from which we randomly captured 20 A. mellifera, 20 A. cerana, and 10 B. terrestris. Additionally, three Ceratina japonica, three Ceratina smaragdula, four Nomia (Hoplonomia) punctulate and three Trigona ventralis were collected from the South China Botanical Garden, Chinese Academy of Sciences, Guangzhou, China (22°N, 112°E). Their body masses were measured by a precision balance (SQP, Sartorius, Germany) with an accuracy of 0.01 mg. We confirmed that no specific permissions were required for these locations and activities, and the field studies did not involve endangered or protected species.

1.2. Dimensions of the tongue
As shown in Extended Fig. 1a, a glass feeder filled with 36% (wt./wt.) sucrose solution was fixed at the carrier of a microscope (CX33, Olympus, Japan) connected axially to a high-speed camera (VEO 340 L, Phantom, USA). Events of the tongues while dipping were recorded by a high-speed camera, from which we can measure the dimensions of tongues (Extended Data Table 1 and Fig. 1b).


	Extended Data Table 1 | Dimensions of tongue appendages for seven bee species. L, , D, θ, r, and represent the length of the tongue, the length of the hair, the diameter of the tongue without hairs, the erection angle of the hair, the radius of the hair and the density of the hair, respectively. 

	Species
	L (μm)
	(μm)
	D (μm)
	θ (deg)
	r (μm)
	(Hairs/mm²)

	B. terrestris
	4298±436
	144±26
	210±12
	52±4
	2±1
	2474±106

	A. mellifera
	2707±66
	161±5
	187±26
	52±2
	2±1
	2500±243

	A. cerana
	2302±20
	119±25
	180±7
	45±2
	3+1
	2176±180

	N. punctulate
	2000±44
	137±9
	223±36
	54±3
	3±1
	1300±83

	C. japonica
	1889±20
	140±32
	5±1
	52±6
	3±1
	2503±162

	C. smaragdula
	2230±78
	140±32
	71±15
	48±2
	3±1
	2289±261

	T. ventralis
	630±85
	53±2
	88±3
	53±2
	2±1
	3537±351



[bookmark: _Hlk68176488]2.Mathematical modeling
2.1 Net energy reward with respect to dipping frequency
In a dipping cycle, a bee ingests nectar by moving the tongue forward and backward. Kim et al.1 deduced a bald rod model to estimate the volumetric flow rate with the fluid layer entrained by a rod, which can be written as

where a is the radius of the rod, e is the nectar layer thickness, u2 is the average retraction speed, and T1, T2, and T3 are the durations for tongue protraction, retraction, and interval, respectively. We have three relevant nondimensional groups and the orders of magnitudes are estimated as Bond number , Weber number2, and capillary number 2, where ρ is the density of the fluid, μ is the dynamic viscosity of the fluid and σ is the surface tension, respectively. We are then allowed to predict that  according to the Landau–Levich–Derjaguin theory2. Yang et al.3 modified this theory to model the flow rate on an oscillating cylindrical brush in a viscous fluid, resembling the anatomy and dynamics of a bee tongue (Extended Fig. 1b). The average volumetric flow rate can be calculated as follows:

which is related to the dipping frequency . This yields that . We estimate the energy intake rate by

in which  is a prefactor mainly determined by the dimensions of a bee tongue, s is the sugar concentration and c represents the energy content per unit mass of sugar. A reciprocating tongue in the viscous fluid requires a pumping power that is composed of two terms: i) the power  required to overcome viscous drag and ii) the power  required to accelerate the mass of the tongue, where  is the drag coefficient and ,  is the dynamic viscosity of nectar as a function of the sugar concentration, andis the density of the bee tongue. The ratio , so the effect of P2 is negligible. The pumping power can be thus estimated by

where  is a prefactor also mainly determined by the dimensions of a bee tongue.
We assume that nectar foraging of a bee lasts a duration of  in a day, and define the visiting time  as the duration of visiting a single flower (i.e., from landing on to leaving the flower). We assume that a bee keeps feeding when it visits a flower, meaning that . Then can be calculated by dividing the nectar volume V needed for a bee per day by , yielding

where  is a factor that can be estimated through multiplying the average visiting time  s (reported, for instance, in reference4) by the average dipping frequency of bees measured in our experiments. The total flight time spent on traveling among plants can be written as

Given a certain flower density, the longer flight time implies visiting more plants which results in more energy intake. Thus, we assume the energy intake  is  proportional to : 

On the other hand, the energy intake can be expressed by the product of the duration of nectar dipping time  and energy intake rate : 

Comparing eq. [7] with eq. [8], we achieve an estimate of  in eq. [7]: .
[bookmark: OLE_LINK23][bookmark: OLE_LINK24]We further calculate the energy costs for different activities by multiplying the consumed time and the corresponding powers: the cost for dipping is , the cost for flight is , and the cost for in-hive activities can be estimated as , in which , , and  indicate the flight power5, power of in-hive activities and the duration of one day, respectively4. Then, we can calculate the net energy reward by

in which for an A. mellifera,  J/day 5, and we arrive at eq (1) in the main text.

2.2 Net energy reward with respect to nectar concentration
According to the experimental data summarized in Fig. 3a of the main text, we estimate the dipping frequency as a function of the nectar viscosity, which can be further formulated as a function of nectar concentration s:

where  is a constant that can be found by regression, and the power n may vary from  to , depending on the nectar concentration and bee species. 
Substituting eq. [10] to eq. [9], the net energy reward is given by
where =3.8 Hz is the average dipping frequency of all bees when they ingest 36% wt./wt. (Fig. 1b of the main text). Recalling eq. [4] and eq. [10], the pumping power output required to dip nectar can be expressed as 1

Since,  according to experimental results in Fig. 3a of the main text, we expect . Additional experiments as shown in Extended Fig. 1e validates this result. We also notice that  for most cases in Fig. 1e. The positive power of 1 implies that bees would readily increase pumping power when they dip nectar with higher sugar concentration despite of the associated sharp viscosity increase.

2.3 Feeding activity level
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]The activity level is a non-dimensional number expressing relative physical intensity of an activity. It is defined as the ratio of total energy expenditure rate to the basal metabolic rate6. Assuming that a single bee consumes all the nectar-energy intake in a day, the basal metabolic rate can be estimated as . Combining eq. [3] and eq. [4], the feeding activity level can be expressed as

2.4 Pollination index
We here introduce a pollination index (PI) based on existing literature to describe the pollination efficiency 7-9. PI is calculated

[bookmark: OLE_LINK2][bookmark: OLE_LINK4]in which is the number of loose pollen grains sticking to the bee body, Ab is the bee abundance with a unit of bees/m2/min, and  is the foraging rate (unit: flowers/s). When a bee visits a flower, the number of pollen grains adhere to the bee is proportional to the surface area of the body, which scales as , and the visiting duration of a bee on a flower. Recalling eq. [5],  can be scaled as: 

We assume that the nectar production of flowers in a specific area is used up every day, and the nectar volume V needed for a bee per day is considered constant. It requires  bees to deplete nectar and  can be considered as the population of bees in this area, yielding

where  is the volume of nectar production in a specific area. Dividing eq. [16] by eq. [5] leads to

The foraging rate can be calculated by the ratio of the number of available flowers to the duration of foraging for a bee. We have the access to the foraging rate by calculating the ratio of the number of available flowers  to the daily duration of foraging for a bee , which yields

Plugging eq. [16-18] into eq. [14] and invoking eq. [5], the pollination index can be expressed as

Eliminating  in eq. (19) with , we can develop the scaling of the pollination index as a function of nectar concentration

Dividing PI(s) by its maximum value,
                   [21]
is the normalized pollination index, which reflects the pollination efficiency as a function of nectar concentration, which can be found in Results of the main text.

2.5 Perturbation in feeding behavior and pollination
[bookmark: OLE_LINK21][bookmark: OLE_LINK22]Increasing (extreme) hot and dry days over a year is one of the key consequences of recent climate change10, plants may keep sugar content and concentration relatively constant by decreasing the number of flowers and nectar volume in response to water deficit11,12. Declining nectar availability as the temperature elevates continuously may significantly impact pollinator-plant interactions13. We analyze this potential impact on bee-plant interactions by perturbing the behavior of bees. A bee may have to feed faster by varying its dipping frequency from  to  where  is the perturbation coefficient. Bees may need to visit more plants to harvest enough nectar to survive through reduced nectar production of each plant under water deficit. We conservatively postulate the number of plants is sufficient as well as the plant abundance stays constant in a specific region. If a bee alters the number of visited plants (), consuming altered total working time of , due to the changed nectar volume. Hovering over plants may also take a perturbed time of .
Invoking eq. [5] and eq. [6], these perturbation coefficients can be connected:

As shown in Extended Fig. 1e, setting  indicates an ‘ideal’ and unperturbed state of bee-plant relationship (black dot). Considering that the nectar production of each plant decreases when water deficit happens, bees need to increase the number of visited flowers for more nectar, which implies that . Given the narrow and specific dipping frequency of bees observed in our experiments ( Hz), significantly increasing the dipping frequency over three standard deviations around the mean might be a severe challenge to bees. Therefore, a reasonable range of the changes of dipping frequency might be , which corresponds to 3 standard deviations (= 1.4 Hz) around the mean (f = 3.8 Hz). Alternatively, bees could visit more flowers by increasing foraging time without changing the dipping frequency. However, increasing foraging time may also not be a realistic strategy since longer forging leads to an extra working load and can shorten the lifespan of bees 7,15. Bees can typically spend up to 16.3 hours per day for forage4, but no more than 24 hours, which suggests that . 
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]According to the above analysis, three lines can be drawn to bound a ‘feasible’ parameter regime, which delineates bees’ possible foraging behavior in response to climate change by constraining dipping frequency, the number of visited flowers and foraging time (white triangle highlighted in Extended Fig. 1e). 
In this ‘feasible’ parameter regime, we here use a concrete example to illustrate the impact associated with the perturbation. If a bee has to visit 8% more flowers to compensate for nectar reduction in flowers (i.e. , they could have to increase dipping frequency by a factor of , while keeping the same forging time (, this scenario is indicated by the yellow dot), or increase foraging time by about 7% (, marked by the blue dot) to allow a constant dipping frequency (). If the variation in climatic conditions forces the bees adjust dipping frequency or working time beyond the feasible parameter space, it is challenging for bees to survive nectar deficits, and may lead to widespread declines in bee populations with unpredicted consequences to ecosystems10,16.
	[image: ]

	[bookmark: OLE_LINK1][bookmark: OLE_LINK3][bookmark: OLE_LINK27][bookmark: _Hlk83067054]Extended Fig. 1. a, Experimental setup for observing feeding dynamics of a bee tongue. A honey bee is held in a truncated syringe that allows its mouthparts to extend out of the syringe. b, High-speed image showing key events of bee tongues (seven bee species) while dipping the 3% wt/wt sucrose solution. Symbol color as in Fig. 1b. c, Schematic image of a hairy tongue. d, Theoretical net energy reward per day against dipping frequency. Lines represent theoretical predictions from our model, and color dots show experimental measurements on dipping frequency. Optimal dipping frequency  is denoted by the darkest red line, where the vertical bands indicate the standard deviation of observed dipping frequency of seven bee species. e, The pumping power for nectar feeding. The dashed line displays  corresponding to the assumption of bees’ constant pumping power. The solid line indicates that bee species dip nectar with an increased pumping power . f, Contour plot of the perturbation in dipping frequency, numbers of flowers visited and the foraging time, indicated by ,  and , respectively. Yellow and blue points represent adjustments of dipping frequency and foraging time, respectively. White shadow displays a region that allows bees to mediate dipping frequency and working time to compensate for changes in energy reward when climate change leads to less production of nectar by flowering plants.
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